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liii ll'IjIioi of II itids has letii st lit ul fonr Years. This beh'IaviorImhs It'i'ii

I'liese 4' t't1al ilulis are* so (.4iipl14x I hat 1114-1. Ise I1Y t'iigiiti's was5 Imprlactictal Iuntil Owit

Iis'fi I vivaft'I a niew proldvtitl: dat a salmI itia ml. '( soltitilof t o d iv Na vter.Sloke's

((f t inlls whIichl i' al'5'l aaero4 lpiamIic flow fieldl is comisiedt5' of I lisatit s if

iot mi lions of milm-rs. ThiIs iiicli (lat a mia kes it virtunally i lilImosile to

conicept italizthe sitiat loll withlint thet flow field(. To all('viat(' this pleml~l, v'ariotis

L ('~omiutt' grap~hics t-eclili(Iiies have iwei i tseh to provide images of flow Fields.

Somie of thlese t-echliies rely onl ap)proximiating isomiri sil faces of int erest with

p)olygons;: ot hers oiiiY provieI all iimage' of a t wo-dolii'isiolnal "Slice- of I Ilie flow

hlis Itesis 1 tloject aitilics a irtlalic) e gricifhs lechliiiitit know ;is

volliitttc relideIeng- to gelii'rte hirfN-d~imiiisiolial illagors of ai'toltimniiic flow

fields. \ Il on w't nc rendlering lias sliowii prmisi ng restilts inl several apli at ios of

scienifIic visuializat loll. Onlv advantage of t his tedliuio is that it doest rely onl

geonnli( InI piilI ives to ap~proxi matet a sitifact'. Also. nio a priori knowledge of t Ih'

HlOW iVltl'S foriii1 is 114116r-4d It) pr'o(lIIIe t Ilie fiiial Image.

'Io assess th li tilit v of voliiiietric Ireiideig ill t he fie'ld of collilit atioiial

II iiid d llaliics (C(IA])). a program kiiown, is VII'1K I s develo~ped. Thlis d iesis

ouit hues tOe reqpiiieits antI spf-cific a Igt,1111 'i Ii h'M t ipn igra i. Imliages (A lit i

fie'lds art' jpesciitt'(I anld disciissvtl along pi vIi pftiraii ciiiamivi'ill s. \lt iigl

\IL 1.1is detve'lope'd For C IA) plilf)st's. it.-. thtsil ptliiiit Its Iliste Ill lifft'iii

app))1ica t itoiis. seve'ra I of whiicli ar it isvisst 'I

viii



VM\LMIETRIC RENDER ING TrECHNIQU TES FOR THE

DISPLAY OF THREE-DIMENSIONAL AERODYNAMIC FLOW

F IE LD DATA 
7

1.1I Tutqis StaIf flif fit

A relt iIvely n ew comitlter graphIics tedlitiite knowit as volllittic

E: rendering is beinlg recognlized as a powerfil meanis of scienific~1 vistializat ion ilich111

fIi v'tse f'ield s as ii et eorology. Ilci f( lle, all ii~II1fll eia. philysics. lThis I liesis will

show Ithat volumitt lic re'nderinug Sholl also be dIevelop)ed as anl eligineeriing tool for

prodlilciiig detailed imtages of theoretically- aidepriinal-drid

Ii rel-e- Ii itiistoiial (31)) aer4lv41llaIiic flow lfilds. BYv providing a :11) imiage of t his

dat a, the ti lie reqelivedt I 1est mid perifect acrodhvlamic dlesigns mIwib

sigililicant Iv redl iced. I hts icreasinig vingineeiring efiie t!id lprodulctivity.

1.2 Baickground

How fieh v islia izat ionl is alla esseit la I tool ill itia li fieldls of enlgineverinig.

Whlet her a design is for a bu ildinig that iiuiast Withistand hligh Winds, a ship t ha,

I illist itegotiae Ic ha vv seas, or a siupersonic fighter t hat unist pass t Iiroligh the air.

lie ('llgilive'a mu11st be able to st ilvY how 111 SIn' *t hu lu illt('lai(I wit i its fliuid

6- iivii-oiiiit. Ever sillce vnginueus st arteu workiui wit Ih fluid dviiauics problems.

IlwY have bl)(' raced wit h I lie Nalie proleiu: how to visiahize Ill In' iisildl'. I'iit il

110W. enlginleers have relled oil I w() basic approacheufs hI Ill hk iuhuii. The' first of

liese appr)oachles is to bulild a phivical 111041(1 of t lie objlect iaiider design atid

art iiallY observe how thle oh ject behiaves in, a flow field. Tlitis tecittiie tyvpically



approac i4 4)144t (omt~ite it o~ lt avivi-St (kIe4 equtalioi o lcojc

~aild t-ndcl a I wo-iaaeititmal ('21)) iatage bLskI.' l th ese 5(411iit5l. 1)141 of (f Iliest.

approatclics have se'vvv liit lat totas.

ii'l Vttilglt 1)1(41litS were ita'sill I14 lievve~lo14tateit (If eXperataeiit al lNow

livlids. Their lilst ih'velo1 ,itivial ill t his aiq'a %%-t, it 14 Y(le-aitolitlt e tlv'viti wh~icht

Ill-]( I ii otde aailfoals ilit, ' ow lIddl I that dlevelop~ed as I lie lucvcle. was pedla ed

thrlouigh towitl .AlthIotagi t sefull. t his alraagettlivttt "was too stascept ihie to

I aii' oout ol let I (01(1tiotis ( stli as varial de wintds ) antd intacrairlat inemit aetieat s (date

to oIperat.or overload) t~o be used for detailed elagilt(5ritig work. To overcomue thiese

shltotcoai itgs tlie( W~rights itaventied tile wind I tiel. a device t hat could genaerat~e a

cotista t. Control ledl flow fieh I wlaerei a the ilteract iot betweent airfoils and their

flulid euaviroaaateaat colilol be rtefaallv neasare( (1: 15 1). since t hea. elagitteerS. have

relied extetisi vely oil flow. field situdies performed iia witnd hi tttes. Adiough the

Winld tuantld has proven it-self all itavailaahie tool to the igitteetr. it. re(Iutires

(Iaaatlwi-soatt(' andt t'Xpilsive I)ItJC(llii-cs ( 1:1 ).

To begini wit h, a physical ilod d of the oibjec(t ua ilest (OUTr) itst ihe

coulst 1taicte . These maodels t-a age ill size fromt a it det all itacht ill Icaigt Ia to ftaIll-size

tuodvI(' a ircra ft . If t'he object s dlesigtn needs to 1be chaaged. tliet taodel tttust also be

hIitllificd or. coaapletely rebuilt. Whlteit( hetaotlel is itislied. it atatast be preparedl

for t('stitag. This pr.oce'ss requtliacs taaotatttitag tIbe tatodel ill a wiatl I tatatliel atati

prepa ri tag thle itast aaa tait at ioat teqatiled for tilie test . Onlce thle tIloolel atnd wi atd

Imittatl ate teadlv. the test is ruim. l'inaalhv. aftet thle test is rompajl('tet. t he

inst autaaa('tal at iota attd ittod('l itauastlw be ttt(4vedl Ilnta Hit' Itatatil. 11I tatore data is

reciiired lae.Il ('tt test sepec ijii Icrpa d se of this I)Ioce".

itivolvts tlitae atad ttoate: tta aia eta ofl Iighateated tescatch aIlgets. tfis (c(I(' is loo(

v~pelsiv lo e pef~rmd ofe-n



MIild 11111 ti. Thiere art.' relat i vOl fe-Ww iiid I 1tititels avatilale4 to *'ilgin~i'ii. If I live

is 1Iii) wiu lii irl4 ava I a Ide. all engill~ p roji'4I mus I he Iclavel I oi. f)o55i bI

Forit Ii hit t'I, ille t1.44it1 inicr'ease ill coiite.r capabil Iit ivs mid avaiIabIi litY

hav pre i)WCte (( I 5)11 115io ( toiiaiiv or ths pr'S' ioblemis. To begiii With, th olip iiie

11111's at i10114. t hat Iis at 1ract rat her I lt iilivica I. 'ilil ii 1apa rti to phlisical

- iii~odIels, anl abst ract lio(Ie is rebut ivelY e-asY to cot'st iic' andI nuxtifY. Seconldlv.

coo )jitters are tiow com umonplace and availal)le to virtitahly every engi ieer. 1'in aliy.

Ito) specialized l list rualiint-ation is nieeded t~o runt a flow field test onl a computer;

ilya .oiiij)lit er. withI sufficient miemorY mid~ somew meaus of displaying Cte test

I*('Slilts Sis re(Iliiedl. I Iow('v('. thel samle collipIliters Chat priovide this abs5tract designi

cap~ability also create a ntew p~roblemn: (lata. saturation. TIherefore, comipteir

availabInlit. is not enlough; a satisfactory miethod0( for (is,)layiing and analyzinig test

U resiults still poses a seriouis problem to researchers.

Flow livlid data is iioriiial repIresl'iw('l by a t lt'E5-(imei~~otal (31)) mesh of

data po~ints. Thiese data p~oits are' compllosedh of soltitions1 t~o Navier-Stokes

* 'jv~iat iots (a set of mat lieuital iral equal jolts that modlel fluid Ihehavior ). Each

soluit ion miav cotittaii \-allies for- as niaiitv as t went y variab~les. If a flow field is

Mtodeled bY a I (Nx I (Nix 1110o(le iituesh thler'e will be I 0(tt)locations where dat a

is to be alialYzell. This volumlie of data is too miuch for a engineer to assimilate

froiii pri ii d hunt1 )ers aholne. Thlerefore. a graphic represent ation is necessary.

aryefforts at flow FieldI vuslitalizatll 4)11 itcrc I )a ('(lOt11 0(14 ]i ig I lie act ion of

wi lld I 1iii iiek I icilse'I es. (ll Siich 1(1SY'lemi. cal led ( 'IN iKMiA. was (Ilsgile(l I Y ( 'ap

F*. 1'. Amibii1 alill used a teflili(Itiv kniowin as -"part iql t racinig". This sYsteit

si iiiilated Ill' release of pail es ill a fl4m. fieldI an 1i1v I a lIleparit icles hpatis

I Iliroligh t lie field as a filAiit Iof (4'afpsc( 11l1i4. (se Vlue I ). Local velocit ies at

each nod(e Were st ored ill a. table. As a pa ultice nea red a nlode. it~s location aiid

:3



21) mnd :11) imiage's andt iis-'t vet]or-kla.44tl graphlics s~st eiis (1:16I- 17). Tlhlis RSvst.iii

i IiliroveIiiEt1 t)ve'i coi t io vSYSt tins ill I fla~t it dl-4l1MY tbt-etI I Iipira

fi'atII lreS. I ItiW 'I. liti - 1144e of a \I ct or -1ai~ )&4 t eiii1 -1 pt 1itIt lt'1 at colI I i Ilt I lIim p tltAY

I1W(I fl ~eei'at a I)tOilit 5. 111115.S if 114 lie Ser rtlt'ast't IMl CC it Ills I lie wrOiig areaN. Crit iCAl

feat tires volild he toiit t td froilit filial flow livlid ige~t (n N"I :tt'dr-ltasetl

tlisplitvs have thle at aiit age ttf clea ii. crisp linles anld ciurves: hotwe'ver. it is difflicult

to fill ill solid areas ( patchies) of color that' to hiardlwaite t inilig ctmist raiaits.

Ra-ter- based grap~hics tlisplays are( better suiited for patc(hihlittg. A full tliscussimi

of Vecor- aitll raNNtr-lMasetl grapicts dilsplays may ke fotind inl ( lapt-er 3 of (7).). In1

spitIe of I his shortromting. part icle Itracing is Atill onte of Che imoire j)op~ilar Cecliiiues

utsed for reiideriiig flow field images. It is a relat ivl at echIi 111 ti mi leitis it-self

iiictly to tisc interactiot. CIIAPII3I). for examle. is a software p~ackage (ltve101)ed

for NASA's Am- Ri'shesearchi (enter. Althloiigli several different methods for-

renderitig images of flow fields are provided. I lie part ic t tracing method is st-ill

t'tutsidefre'l thle imost it,,eful technique tif those availalel otit (M~IAPI1l31) (2).

Ill I 985, Kennleth N~roos presented a stId otlVtf :31) visiializat ionl technliqles

tilolvinlg vector-lbased dlispilays. Kroos' efforts iitvtolvedl displayitng Various shapes at

each dlat a pointd to show t renits withtin a flow field. The primiary ob~jectivte of these

t'xperiiiieiits was to develop an algoritlin t hat ctild tIiiickly generate these images

11I: i30). Kroos conlcliudtd t hat t lie opt iniuim graphlic symboxl for this pmtipose was a

simple atrrow-slialped vetor. Suich a vector is "aticlored" to each (dat a poit, and

bas its iitagt tide anid dlirect ion d1-t erilitit'd bY I li filuid now at its origiii.

Alt lioligli this techliititt allows fast rt'lt'rclitig ()I* all 1tiag'.. IKilos tuotes t hat it has

st,'t'tal dlrawbuacks (I1:1 11). F'irst. (lilt' to 11lie telat iu'l Smtall size of miost graphiis

de(vices5 it is flilliciilt tto tisplaY vt'rl large antI vvt'tv Stmall vet-Iors ill I lie saitit' ittiage.

A\not heri protblemt posedl bY t his t echlttiigut is, 11, IitAlti1 lii v to relect t eiiipotal

ft'at ires: th1is tititlt iple ilages iiiiist lx' prothutcetl tt) show I Iinc- etpetidetit feat ires



Fromi 17:17) j

wiI Iilt 11c hlow livid. Also. wihle1l reliideriiig all tllldge of a large flow field. I hits

It-cllli(Ille produices a very C'ompijlex display t hat metlas it. diflit tW interpret thle

* image. Finally. I hits techitli(111c re(jtttr-es the vie'wer to -fill ill the Iblanks" t.o

titeripolate flow field vallues lbetweenl data points.

Winkelmann and Tsao were aitioig thew first to develop) a raster-based

svstetui for flow field dta dhislay. T heir applroach took advantage of a rast-er-hIased

ssvls abli litY* to fill ill anld color molid areas onl the display. Th'lis Capabilit%

ahllowedl themt to Show fuill itteritodal valuec ilerpolat tolls anld provide (Itlalit ative

ill f(JIlllitoll by associat tug Sp)ecificolr wtt i lilretut parallicivir valuies.

Winikehinaii and lsao denioitrat edl ilie accit iacY of 111(11 sYvstl 6Y comparinig

(ompl)iter-geuefrate( imlages of flow. fielId la a wit I phltographs from witirh I unue1l

t est,,: a very' close corres)otleihfIce l)(A wecit I Inc Iwov( imiages illfidated I lie validitY of

I t Ii tis I chlitie (2t1:177). I however, t heir svste cut as limuited to 21) diqphays.



p)rE)liIced a I vc ( it, t hat alt-mit eii~~t) itste imai~ges4 sim~ilar to V'.inkehimg, mid

I'M40*1 to ho1i l( I a :11) jII, agV. 'I 'lliu approatch Reiteralf- -sl~ics" r flowv field imuagery.

t 114-1 ut-urileiull aigel di~iplays 11lieuiu ill I hir i gl ,oiis rua i%(et I (- Ho lf 10 ieldl. as

sli(wit ili Fgi ge 2 (22: 197). .\lt Iiouli I huis aIpproaichi i ioeq list-fill I hall (hfat-

ima~gcs pioihiced I)Y Witikelaim Mtid lsilo. It Ai Ill lea~d~s gaps I the iiiiagi.. I lilts

rcri I I I v (l e r to I liess%- litl I itImv hI it +1(( looks l ike vit I I I ii I lit -se v I( Is

l'igire 2. Thiree D~imiensioni Imiage Formted By Several 2D Images.

A\ ('iiiiI('ef- dli~firill approacdh tO 1uleiug dit a \\*it developedl IY

Williamu Ll,4t'lsi'i auiil Ilarvev Cileo for ra'itduiiug IlliiclI dat a. Thiejir*lihi

( Ibhes' algortll ( 16f) assiggIges I hie data bviilig Itscl ri~ersent a %Ohiiiiw i.Jl(f Iiiv

of cI I ic voluI I I es ( VOWiIS- ). E[aI h VON( l I Ias (i'lU It ver-I Ices: as spici ific 41 I a valI I e IS

associatedl wit 11 each, verte'x. 011co I lci\ O-~I~Ie'~v~ legilal [oil 1ilaI t Ii o libe 1usd.I has

I - libeenti 'ablislhed. t he reniderinig process begins. Fach row of voxels is e'xamlined'(



3 ~ ~ Ilei eximit 4'nc4 of 1114,14t, Va Ilies, a vertex Is code 5Iered t "0 1 or it ". (le-pt-Ildi g oi

wht tIit't its m at at valitcl is l)4'I4)w Or1 al4'. it' %AhW 6ie l~'0IIig I - ()lIit Onc all 6Kigt

veritices have i' II gpriWce54i. mirt'aceis tevv'lm-i). riiis is acco)linvlisilet by%

pertfoiiiiig a i ajle l4K)ktii) lba.4i 1 Il fill- Ipat I r1 ftortlil I ivY I114 vertex

ciassi 1i4'a 111s. Thiis lookip will reicetit Illet sit'-ract to otie oif folI ril p "'Si lit'

,surfaCeS I lt a I W l (IIt'1r4 t'et hy linii ig I lit-' voxel's ed4ge' m114idits. After

assigitlulg a dirction1)al ttoriiial b~asedt oni ilit siurface's graliiti aitti orii'it at iou. a

I ight iig 11104 14' is appli1 ed, f1ile surface is rendleredi. andl Iioc('ssi tug itove onl to filie

ateXt VOXIF ( 16: 164i - 166). 'I'llis algorith r111tepr'esets a radically new techiqupe

kiiowti amt voluimetriic renderng. U~s atlvantage is that tle data utsed is a :JD set of

r ~values rthler I hall a collection of p~lanlar polygons. However. 4 itt' miarchinug Cubes

algorithml operates b~y assuiling I hat any% ititersec ting planes will Ipass through

t'it1i4' t-ime edlge mlidpoinits 0o' I lie Vet ices of anly givenl voxel. lBased Oil this

p ~~asgtimittthe114 algorithlm then reverts to using planlar polygonis to produce a

s11irfact' or interest.

Oiie proldvi'n encoitu tretl with :t 1) techniquies is tiat file%- have t-radit ionally

t-ri('( to lit geolitet nc 1 )ritillt ives such as t rimngles and (ttatlrilatt'rals t~o I It( surface

of anl object (3:1019-120). This tetliiiipie p~rovides thle advanitage or we.ll-kniown

iliii't 10(1 for derivitig esseit ial surface iii fon-itat iou. I however. I tere are several

(Irawlhacks to t his a)pproacht wlieii at 4teimig to rendel(r a now field Image.

Tho begin withI. using this techniqupe canl lie difficult whetil dealiing wit It

couu11le~tX surlfaces: "lioles- call apipea r ill I14 litI rifatt ci ig 1''ildered 1tie to

t riflitct ioital poh'~gotI litti lig. This Irotll) is aitalagolts to ftlitug stiiuuit pe'gs itit )

roun11d holes: wlieiil a px)Ixgoit is 1used to build it siloohI sirlfatt slich t, a sphere.

wtiiikles aiid galis maY appeart. Vtlt('uvihest' Im probitlemis 4)4(11 r. sIH'4ial

iiit ('t]olatioiI roulilt'es uit't' to be itvoked lit ani effort to '*I)at clu'I te suirface

(19: 170). This int etolat ioni ituaY lead to~ all iiiaccttrate- imiage.



()It 1.114. vit-wiiig of14.1 ililg iiiforiiiat ioul. V iliess Ijille-illiellsive sort ilig rotf illem

art Il,41I. oii Iv I hei oliteti tiost shll of data A-;ill ke dIi-1it4p at idl I 94 kgroml i( det ails

ali' iisked. A littal dlrawbiack to thlese' Ilt i(Im-mi is thaut I heY tviid( to Ies ed o9i(4 il

51ilfae: lit) a Ilowatiees are thatlef for "fuIZZY zoiles' willt' rtell o41 05(f theii fivhid art-

apprIloiate'lY (bill1 1101 exact I) 1-filli to th I iOVaihii sqt'Itsteil for r.4'll(erilig. Ilis

s11011coiiiig lill mlask crit ical shetar areas anl deprive I lhe elii ll('Cr of crucial

itiforiliitionl. I lereinl lie Llhe weakllemses of Ililt miarchling (lilwes algoril thm: (1) (lie

dlesiredl dat'a valie( s) will iuot lleCe*sarily pass through I le txlgr' iidpxoiit.s, aid~ (2)

CiiIVeol silrfaces mnay only be aprloxrIiat d I tria ugles. Furt hermore. Ail hogh

C ~sliiifaces ale commIIonI ill Illetical imlages, die only real slmrfaces wit~hill a flow field

ale I hose of the ohject being tested. 11wll flow field itmelf hlas no sillrfaces Pcrl sir; it. is

a v0illille of scalar valties. I lowever. I b~elieve t ha~t volitiiet ric r'endering t-ecliiiqule

mlay he ilsedl to0 produlce accurate and iseful ;images of :3D aeroidyiiauuc flow field

flat it a developing mlrface". of isomuetric vallies.

Rlobert. I haier las; slated I hat " I *0lupti tric tyndf ing me~thods are aill

11111011ald it deW l(velopml ent for visualizing tdhlPC-(ilIt'lsiolal syst-ems (12:95)."

Ni all Levov has developedl a voltim letric rendlerng tedi Itique for mi edical alnd

elect ron dlisit v vislializat loll ( 1-5:29). This t echnlique doesin't relY oil geometric

p~rimititive~s; i nste(ad. I lie volimite of dat a is rein eit'd bYv Ili ig raY-t raci l e t ieihlll(1es

(as described ill ( 10) anld (23)). Siliwdated light. rays are- fired tdillotigl tie array of

VOxels. As a raY passes thlroiigil a voxeI. th ldat a value at Ilie j)oi il of iiiteriRf-ft ion

bet 1ween) the raY al thIle Nvoxt- is I lilinlYl inliclJH~lld f'Iiumi I lt lilt aa valiues at Ilhe

VOXVe's eight vert ies. Blased il fI is villiel. di la ( ih lld I iI ilsl lisle(( (IIc of Ille \49X(-l

IS (let ('lillilietI ailli factored linto lilt- lii\,s fiil~l co)141. \114'li I lie raY hlas paissed'

I hrouigh IIle ('Ill ire( v.ollllel(. t lie (.01411 oIt I Ilie IaY is I villisf-llt'(l I o I ie( pixelI I hloligh

whIIichi thle ra Y passes. When all pixels hav'i, beii coloredI. tile imitage is comptleteP.



p i JE~bvlig forced. I IIII a siirtjace. 114) gapis will beN genlera ed . 'I lit, aliseitie of gaps ((it

pat ches~ coveringR gaps) Illvails t hat ali itllapgs acciI*ARcY is Ii llit et oitly by t he

re'solntim)1 of t he (lisllav dlevice lbeitig gisiA4 1161 thle (h'tIsit of(J the (hit Illeqhi.

Secoiti IIY* I lic' fI li itscetici' of a voxvl Is let ecrtil iied bYi its vallues p~roximlity to a

pgire4'ecteil Iarget valuie: areas where dat a vallies are "close" to tihe target value wvill

be c'"lgh v olored ( 1I5:32). Th'is color gralat ioul gi~c 111c I lerSeclier visuial clI('

aboii I h le grai 1611 and t~hickiiess of anl isovalie siurface. Object tIra tii sceiici' aliso

In'rtiits it view of ulii(lerlvillg and background sI ruatires. As Lovoy nlotes, his

tecliliili(' miaY be' -easily I1Ildified to render interstitial volIimie4 m

stlili-tratislarvlit gels ( 15:36)-. 13amed Oil iA-'vovS result anld tilie fact. t-fat tile

electron (l(iisity d(at a se. lie usedl is simiilar to a flow fieIld dtia set. I lbelieve thbat

t his tedciiiiqiie canl be adapted to flow field visiializat ion to prtodulce 31) images of

anl entire aerodviatic flow firld.

To lhe a fidly effective eiigiitriig I ool, anl image generator should have tile

fol lowI I Ig caIpali iit if--:

a . Dat a siold be displayed tdlrotihotit i ('lietfire flow field image rather luan

jlist iii isolated areas. This cap~ability pirovidles a coitlet-e image, th-11s

asuring f lit, eigiineer that 1lmt'ltnially critical feat ties are not b~eing omiit~.tel

Coinversely. the iiser should he able to F'olate specific stikvoliiiies inl order t.o

clunitnate regions of little oi. 110 ilit rest.

h. Thei object be'ing tested shliihi In'iililiI inI the6 imiage iulolig, with Ii e l 1'mlo

field dat a. '[lee ilisplav of crit ical flow field reat 1ures Is of littIle valme if I liert ill

no0 wayv to corrvlate thfliesE'Vfat ilesc. witllheir liil (or lmiollI eY affect Illie

0 t IT.



(c0iifiisingi. If looK few~ are4 (ilaliit'4. crit icitl dl at Iillay 6)4. otitlt Ied4. ftY atllowinig

t1144- t54 Se ,4lect Iarg4't vaii 14' fotr s('14'('t parameitelti 4I4rs, Ilit- 4Yvseit calli rendeir

iitgem! t hat isolii spec'i fic vaieis of kit 4r'si.

41. T14 I it aI gi' of acce4'0II dtl) 414' \ l itI it n I fI )III it I it felI)airdI I it4'I e l aI 4. 111111 I I v

1154'i-44iiI r4)1 144. ills feat I114v alilows I114e Iiser to focuI he 1 imiaginig xYv l wst v

huevY its lit, w~islies.

V . I iIferviiI. colors shotild he associaledili vach larget vallue qele-(Ct(eu I' tihe

iiser. W~it houit color (Iiffi'reni at ion, there iS HO Way to diSi i ngifisl Ome tffargf-t.

valne fromo anuothe14r. A color key sitotil14 also be provided in tue image. ThIis -

key should id ent ify thle valtiv associate W(llwt i echd color in the14 display.

f. Rlelai oniships betweeni parameiters shiould~ he4- ntsr-conftroliedl. Th'lere are five

g h~Ia.%'c flow field paranttters: jpressinre. eni'rgy. atnd three flow velocity vector

valuies. All ot1her flow field valuu's IllaY het dlerivedt froti Ills pa~t'iramuieters.

Illowi'ver. t( uwtter intst be able to spec-ify how I Imes paraniiwers are

nt errelat cd before Ilie( values call be generat ed auth] ( ie( re'sults dimplayed.

g. Thew vs SY4'ili 1111ist allow tI l ser to Sp'cify t lie vit'wilig giitet.r~y. Tlhis

involves p)ositionling the viewpoint. the viewing plantue. thle volumet being

renit'rt't. andi all lighlt soiulces.

hi. Temporal features shotild b~e displayed. NMany flow field features (Su~ch as

vort ices) de4veliop andl dissipalite( over a period or I inle. In order to At tIdy. I hiese

re'al tilIes, tli4ir t'11l in. lift'spami gIIIist 4 I,(, rc14'i4'4.1. f4-allY. thei 11 ,'d(Ita,l be4

abet pcf tr n lplm. wihIh IIIIv.o rlisl '

geiirate %\-t Iiii Ihat ini spa. ( -It) c i~ls h ~tmwtl

ourilIlt -y i-d 1111eo na e op o lc.Iles e iid -lo i-



3 ~ist~t ii~t Hit I eu iti(114'4t hat. (do liot ii iiirit lY exist li a low-coist works at-iott

IMiroiinieu..Nevert hle14sm. wit o liotusing thlese met hods, it is difficult. if not

i 11IipON-i 1114'. for a S(i'ilt151. tO) Raiti a goioi(l itti1lt'stitliig of a wide variety (of

data .. (26i:35)". lit ordler to periutit u1sage hY tie largest possib~le iitiaiilier of

4'tigiiieets atiI researchers. a Ssveil shouild be)4' designed for' use at a

w\orkstatioit. It shotild also h~e as portable as possible to allow its list- oil a

vArmt vof mystv'iiis.

I. .Scopt,

Si ce I his I hiesis is anl imliitial at t-ellit t-o list, voluiiiet ric eclinitses to dIislayi

flow fieldl dalta I will not hie (levelopinug tile eti re graphics system outledl above..

lInstvadl, I will defisigii and impjletnit what I consider thle basijc. mlost essenltial

feat tires of I t( iesNsteml.

U 'IThe first capability I willI provide is thle volitniet nc display of thie flow field

flat a aioiig wit It I Ile obli4ed under test. I will also iiipleiiieiit utlechlinims to allow

lie, user to specifyt Ille desired viewiing geomelt ry along wit-h ally specific 81ttbvohuiiie

of iiiterest.

Aitther capability I will provide will allow the timer to select tar-get values.

vahie variances. a ti colir- valuev associat lolls (see specifications C. d. anld e above). I

will also provide a color key iii the ititage.

Noii to titme conist raints. I will iiot attemplt t~o p~rovide the facilities for

Spfecifviuig paraiiir'tei Illifetelaf ioiishiips ort iiimiifficallY gelieratl ig IvllpoKlJII

heVat Iire (lisjlav Scencttmes (Ysvtil caiialilit W.' I' aill It. respecet ivelY ). IThe first

Cilpia i lit~v would requlire thlu' dusigti anld iiiiutitoii(f a ~ommiiandl lainguage

caial'f of allowinig thle u1ser to botl i l pa taiuiet ers aild dlescrilme how fie,.\ are( to

be miaiiliulated to) derive a ile aIalmuti(t4'. Instead. I will limiit thle s ysteim t~o

(IisplaYiitg one scala r pa ramiueter per image. Thle se('ottl capability (timle framle

IId



I' 111 .1 1 i t l I 111 t 1,111 It1 141 I lii 1 1 I C 4 'III I I li "I .114 i lt I III I( a.d '- l tI vvw it,1

is1141h~ 1 dlnt 1wI lieve I lhere is sulifcieliI I uhf' availablet for lit- to deeloptI~l I is

feat It re. st'taiallY. olic iiiipleiitt ee. Ilit,' .;YsIv'Il I bilt1I( wIll ile' ale to gv'It'tiile a

itlie sefili'uict': hlowever. I le utser wvill have' I it spcf each ftratit' i litt ii uall.

1.-111-i forego..ing SYStii-spvci'lic tat ilis Ill~ i avor of writ lig Illt' ge'tit'aliz('(

tout uiiS1: Iuowever, Ihi' gauut ill sliiport dbi IllY sliotlild offse't t his cost.

1. 5 Thv~Irs 01'gni:01ion

Thie rean111aituder Or this thesis is OrgalniZed PIN followN:

Chiaptler 2 otilines lilte deilistitts refitireil to diesignit he svsteti otlined in

Sect io I.I. lit this chapter. I (lisciiss t he alternative methods(1 I coniside'redl, t hen

i'xitaitt Wltv I Selcted tlfle 0jptioJI I lisedf.

agetieral Overview of thle systemu orgaiizattout. Specific kya Igorit bin details are

iltisseil.

Chapter -I Summarizes Ill thlesis testtlt s along withI recommiuend~ationis for

Cut ture SYSt ea list's and ell Ilua ceumetmt s.

Flla.Ily. a Iuser's gide for Ili%* syAtei. thle Voluitet tic I umagerY Programl for-

En~gtieeri ng Research (VIPERIl~) Is itucluded as all appetndix.

12



Du Joseph131 SlIaiiiI. all .ieioiiaiit ical igiiieer itt fil-e %ir IOrct Wright

.\eroli t ical Lahl-orat()i ( AFIW L ), recewtlY niotedt t hat -to( keep ipl with fiIlie, rest

- ~of f lie world we l E ived to dlevelop) a goodl Ii rIIee-dimeiisioiia I graphics Calpali tY for

isplavi ig flow fields (21 )". A paiiel rep~ort to f lit, Nat ioita Scietice loiiiltion

1idii(' iuiiicli t Ih sautle coiicliisioti. niio tat Iivt1hre ate( mianY knowuu st rict ires

assocsiat ed with 11111(1 llo\\s slich ats shock wae.vortices, shva r hii~ers and~ wakes

.........Soft ware algori Ilis mid vistializat ion tedluiuImie are nttiE to ientify these'

st1riicttires il :11) No0w fieIld 4011tioiis.4 ... lita t ('tCdiii(1II5I- for displIayiuig :1)

dat-a are reii441irvil 6ot It ill hardlware anil soft ware (I 8:A 1:1) - I believe t-hat a

relat V(V liCw volml etfric re'itderi iig eI edt i1(11 jMtCS'IlIt S a 14o116it 14) tilis

visuial izatiotil~l)Iobl.

Mlarc LevoY receait.lv outlifined a techttiqtue lie uised lo geuterate itmages of

iioleciilat. st ilict tiN'es ( 15:29-:17) and hot ol t hat mtost p~reviouis ssteims

aproiat ed mi urfaces bYarigi ug geomietrtic pii t ives (such as I riaiigles or

rectangples) ill sutch a wvaY I hat t ieY were -(-lost-- to I It( dlesitred siirface. As earlier

* t~~iot ed. thiiis t ecli(I iae has several major drawbacks. Volituiet tic reniderinug ( VR). oil

lie ot her hand. is well stuited to I hie cotipittat ional fluiid dviaiiics ((TD ) field.

00. .5I/1la111-111un Sub chou?

011e dat a si nirt tire uised inl \H is veystimilar to thle dat a genierated by flow

fieh. aita I sis. lThis dal a st tiict ltre is a simpi le :11) a tr-aY ( 'spat ia I mu ,iicral ion-)

Cotisist ilg of dlat a poi its. each of whic c~ o pittai its I iscivit flow field pa~raiiiet en

valuecs. 'l'lie altenat ie dlata st riwitire For VP\l~ i s I iic o41 p44 (917.

0(1Irees ate t tree st rict tire-s tha,,t have i'iglut 4.1-luler )1 areI'ut node. ThO

Illild aii oct its'. a ruI-crIlsive tolit Mei is 1isedi to 4Ititii l o udivide volliiiies itito

ocituts iti a predefi tied level of flat a Iiotiiogeniiety wit-h ii each Sill)voliituii' is

i 3



U I I~t rverseI for illmge x.'iierat illi (211: 101).

are II) he procesed. ellicl-git dlat a mta ii lilat lol is a key concerii. Ip iim readiiig

Saiiilors, ocltiN 1.4Ie5(rilt 1(11 a itil algorit hillis (20). 1 Ill o(t rev iwas iiv I iil iA ICIhOiCV

forl thei dil a lat~S 11110mvi ill ill.% sY%1vmii. IHowve.Vi'ijiiiiito. Tantaka. andi

I %%da a I la vi Silow11 1that I l11ie oct rei ., el hli clc. grows ()It isit herl p II.% worst:- I ha I I t IIatI of

- ~spilt laI elllllierdt toil as t he dept 11 of I Ieoll- gli tg i4'lieretl grows (9:21 I). S1iiC4e

* 11W~il% Ob~ject ive is to rend~er all image of all etitire' (low fieldI. I aniticip~at ed passilig raYs

throigh a voliin withI a depth of l0m) or mtore. Based oil tilt fillililigs of lljilllot()

Ual. I dlecidled to tIsI' spat ial viliiiicat loll m~ the piii~lelf iit a St r-lict Hir for ii11Y

5V Ste(ill.

U ~I laviuig Sehi'clt] spatial eClililleti oll for tileyt' SY 'cl. I lie fleXt Steip was to

sq-l4-t IlIii best 11141114)4 for Irvidl'Iig liiic ob~jectille 114 Icst (M-l) Ill Ille Samel

illmage' as t he flo~w fieldI dat a. F1,01t ili a 14 y. theii aer-odIv aiic ilgi lt(Nrs* mlel hod of

* ~~gvIiiirat ilig flow ficlid dat a sliggest 5 a simpl~e iiii'thIou for idliltifyi og t1he OU) I'IWil hut

thei How lit'hld. Ill orlir.1 to dlevelop) their daita. thei e'liginvr blN1~iil(I a :11) (ugh izat loll

of t lhe O1UT alldIls IS ti ll ioiel to Im1il4I I heiir voliic# of flow ii' data (2). hTis.

hY llsilig spat ial eiieratti &s Ilii' basic dat a si rmic ire for Ii I sYst eli. thle

iI tet hod of 01 ITI r1 1pre4llta ii oll is al so 4'51 al Iisiedl. If I hei v'iigilie 1( wil)(ho v )ops, l'

digit izedl miodel of thle OUT' also 1154'5 a Ililic~i data valm, to idlenltifY tilhe presencei

of lIIIv OUT al a dlata dIoli'. Iill lals() selet Ithatl %;)ll(.;' at all ~l v~iiil to Ihe

solught alifi l('lldll4' hY thle ollilliltl-i hlllagrr e iinai 11 ~liu''llgl45%Ih

\vi'KH ). hIllis calaahiltv will also pro 'l'lie4.1 Ool ()lIt 41' vlid4lillg all illiag' td, fltic

flow field with i. wit holtt IIIc 0OUT kiii It~ila '.I. It 51411E14* o1)fI. floweiVcr(.

1 1al I his miet hod representis a doulbi-edged sworfd. WhIile It provides a simpleIf andl



U ~ ~ ~ Iflta %ail ~.Itt' iio( 1- IIiii 4et-l I lie MtIT iiiiist be liilewit 11liti, In' ow IieldI:

ot Iivi-wise. por-t ill.S of 111l) flow liidi will lhe io'itleril with th le Mtille color used to

Elf'11)14 I 1T'I raliqi all o'Iqi'iiiiiit of aitiliitlyii I x' b iiiIOdlicedl iiit() the iliage.

sillce \ INl-Al is ilit'Itld(l for eilitital Il bY te enlgiiits'iiiig coliiiitY ill

gvenera I. svst etit porit alililY was allot lier crit ical (onlsiderat iol. To Ihe port1 able. I 1he

SYS14-i'i n iveled to 1he Ilip ielted~N wit ii a genleral piti-pose Ii igli ordler Ianigiiage atill

as free as possible of s~steml-dl(pelildlii feat iir-es. Otice ilistalle(. t lie systemIl also

lhad to 1be as siimpjle as possible to Ittaiit ajil. Sinice Iiiaiiv graphics tools are writ tell

inl thle (C programmliing languiage, I decided to iiiplemietit. Illy systemi ill 'C'.

P~ort ability was also etlianlced 6Y ulsing t1 I,( t.ali.rle gr-ap)liiCS rout ilies. Tlhese

CO'ist of a pliblic domaiii imuage file formial and~ a SOt of toolX)sto Wrepositionl and

('Ot1itllet imlages. U se. of this system p~rovide'd a comminon. iitexpeniv~e. anld

luf ' ~ dllI~ iatl .~ for 5h4(c-e'l~iiilt Imatge ' fls-cipjtio

Ill tiolerl toI be port able. Iusci i iiterfaces also liad t.o be geileral ill nlatilire.

A t lloiigli mnouse- or icol- based interfaces wvon H be simpiller for the user. t heir iise

woltld seerl limit. Sstsemi povl abilit\ .. Instecad. I chose SimpleIf (Iltest iol/allswf'r

Iprom tpts for. tisci i iiterfaces. lThis approach re( III l-es on lv a d isp lay device aindI a

keybIoa rd.

riia lly. all syst em-sped fic para met er vabIies ( sich as thle pixel (Ii nhensions of

Ilie dIisplaY device being itsed) wotil heI iso lated'o ill a so'parate f' hadv'r file. ii

rW01il4l provide a cetral filt. thtat coll bel itodilied to t ailor I IP1I? to allY

part icular sst em b einug iise I.

Ilaviilg tltade thle miajor qlv''igfl hlvci.i ll. I begaii iilillilliit ii a s.\st 'I)

I hatI wolld sat isf Ille goals SOet 1- lot i t Chlte I. 1[lic ito'\t (Ildptel. dtio'lls hiow

I his prograih is imptllemheinted.



U III. Systcin1 Inipicucutttmn

114, V0ol iion'l ale Imagery P~rogramIi for 1-igi ii(-crinag IRe(sea rch ( V IN- j.

provides' liv eaailit for I-reili fullii :11) Imtages of aer-odl lailic flow field data.

( altit'i 2 (tlities I lie pn-liiiarvY desigil devisions I hat were requpit-ed lhfre

p~rogrami ilieliluelntat ioul er, n. thI"s chapfter dletails how I lie aet utal program i

rasti-~d 'Iaiil flow it plerformi s its tasks. After' a briief overview of I he viewilig

ge-olietry inivol ved ill volligi net ic relidheri tig. each of \ I hElRis mublni*t i005 will be

V~Mi mae . 'I'lie S11il icliotis are disciisseI ill tile Sallie order illit chi they ocrl

(ili ig pm ograunl execitiionl.

31. 1 I *h wIe'y (f Oli am -YI

B~efore dIisctissiiig tilet imuplemnttatioln det ails of VI PElR. it. is niecessary to

1ii114-rst aid I lhe viewving gemlet ry involved. Tile viewing geotnet ry is determined by

Ihe local ious of 1114, viewer's eve. 1114 viewilig pla Ile. I lie da(ltIa volaInic. and~ all light

olreSselected bY Ithe liser. (See Figiure 31).

Vic 1.c I~ I !u . Tile viwe yve( is represented bY a Sin gle p~oinmt ill

sp~ace. Its location is sclect-ed l~ le liis('. All of tilie r-ays that are ca-st to0 form tHie

filial imlage elitauiate. froim t he viewer's eve. Tile direct ionl of t lie etniautat ilng rays is

(letermli lledl bY the location of tihe viewinag Illalle.

.1. 1.2 Vi f Iring Hei iu. Thie viewinug plaiie is all a rrav of lpict ire elvimeiit s

pixels). The size aind locatl o'f tIhcvewn plami. ate lisel-select ale. A ray Is

cast fromn t lit, eve t Iliioulg t lie CViitII ()f (ThuI pIxel. ( )IIC I lit' ra;y is 110fi441. It is

extended a's Cal- as Iliecessar-Y to (leterliuii(1f whetlieu (i oit iii0 11U 111pis I lao data
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~ti~p.'i illi space. Tlis box is voll n~ rixecI of Vol111 VII -11- rue lti'i s(VOXeIx ) a rr'Altg(4 ill

i t ail~tthu. :11) m~esh~. T'he lovation of tilt' lat a V011i1tie ixserseie I)

IJoiIII also detlttits t he pl~anes t hat. roiritl tI I(aces or Ih If lttie Ill this respect..

spatijal (tilt litierat ititi act s as its owil IJottittIt g sltriidtire. a graphilrcs I echin iqItle lised

to imprj)ove' algot-it hit eflhcieticY.

Light, Source

D~ata Volutie

\iewiag Platte

.1. *1 Lightl SOurc(. Thv4 finial t'ctitttit (I I hec vICii, t2,4otlict Iv. light

SOurIWV localttoit. is atiot 114-t ntser-Slpeciliell I'at II. F01. vach light Sw)lttte. t f( lts('t

r111ist provJidhe I If(' dlesireth local ionl coorhi iraIt'. I':achr tight soill-f is Is tllol as a

pioilit t hat eilit s parallel ra'.s of whl te light. Ii, imitodel was selecte'd for its

sitirpliit y~. 01 licl'I iuodtls 1IIiaY jIW0Nril( a 1110t4V -Ca list tt a)tWOXitnIal f otil of ltght's

beh'Iavior however. tilv'v also reqttlite a. hligher roitpitat iotia ovetrieadl.
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U I ~~wo) El i feretit. pesp ectives: lilt- uise,' mil a ilt h rograiimter s. A ItI oigh t~hey are

Ver11Y similari, I heY have oiil' (l ist jijil (Ii fereicl' The user's perslt ive is ('eiitCiet

a I otit I lie viewe's E,-t. hiowe'ver. a-s slhown ili I'igii e :1. t lit, programii act tally

revolvs ablit I lhe ceittt'r of t lie data vltie

TOI t( litsel. tIti litii Nil vil-wiitJg ge'oiitet i-Y places~ I liv (Eligiti at I liII view'si

eVe atid all lniiiptilal goits are, based oil I lit- R. .. i axes as shiowil ill Figure :3. TIhIe

- view ing platte is cent ered oil aiill ori hogontal to lti axis at a uiser-sIpecifiel

dlistanice froiui the viewer's eve. Likewise. tile data volume is initially centered

ott hiogonially oil thle i axis at a iser-spt'citied distanice from I t( eye. Finally, the

light. solrCes art' StiSj)enll ill space. at their luser-specified coordliat.es.

Oil the odlier halanI the programmerc see's I Ile initial geottietry3 wit-h tile dat'a

voliiles cetliter poitit at I he( X. Y. Z axes originis (see Figutre 3). Although the

viewer s eye is still p)oiited direct ly downt tie Z axis. it is movedl inl thle iacgatit' Z

directionl t-o est ablishi the uiser-specified (list aice from tile viewer's eve t~o the ceniter

of t lie dal a voliimt. Once thei viewer s eye piositiont is (lt'(iiedl. t-ie' viewing plaiie is

ceiierell aliit t he Z axis at thle proper dist-ance from thle eye. Likewise. tle

Z-ordliiiat e of each light soiirces posit imi is adjuisted relative to thle eyes Z-ordiiial e.

31. 1. 6 1 if winq Transformations. ii order t~o provide t It(- calpabhilit~v of

viewinig all portiotis of I t( i[low field. ( lie standard graphics viewing transforms

rotationl. t ranislat ion. ailld scalitig) uist he availab le. The difference between tile

11(r5 atifl t'he pr gra illiirs p)ercept uflis of t ie( viewing geoml- rv arose fromt thle

* ~~iiiipleliiiiat lu of t hiese Itranisformjs. From fill li c-' pI4 m ll (Ph, \]'w. I lie 1,1, il dulm

is lwiiig ,'otatev. t iaitslated. antI scalrd. I Iinv'vit t iraulotoiiMig fit li l vohuiuit'

W~ouild rttptil( chlugiuig t'aci %vox(.'s latl 4,11.\ I tVpicldl ~I'uaY cotit aiti miore'

litait a itilliout voXeis: at 1 In iat ietmtic ul opciat ious (111i1v ittuilt iplicat iotis aitll ll'

addit ions) per voxcl I his approach \vutld iequiure a great deal (of coinputtat ion I illic.



3 t'~Ivt' poseiiion. e'aci light si i(t'sltAt.1o1i. aM ciXI piXCd coort-dliatC. Ilk Order 1.o

atli ieve I lit- result m desired bY I lit- 11er. I lit, ob~ject1s are I raiiitfortiledI ill 111e oppotilIr

M4,11-44.Ito I lie liis'i v iit iies. il'or t'xamiiil. if Ilike uiser wisihes to rotmae tilt. wa

Volitie I.? ahl~oit O ie X axis, \ I PFl will ro at' d it, vie'wer's e ' e, all tight somrces.

ONand all pixels - 150 allowt I lit- \ axis. thuils. I lioleiu remlains Ii xed wihile all I lie,

of litt. t'tui iiitit ill Ihe viewinig gt'oiiiel rY ;if.( miovedtl hitwt'vtr. I if( ittttsioti of

lua tigi tig I he volintiies orient ilt iou is niaiut al tied for I Ilt u-er's convenien1ce.

Jiifrmtey t ili- scalig I raiforiii could not be effected by operat-ing oii

thet e'vt alit pixel posit ions; the volume itself needed to be' traumformed. However.

Ilit iiat uirt' oft It If, oluilie allowedI me to scale it wit hlmiodifyinig each voxel. [lie -

CkeY to li,% soluition lie's iii the fact that,. althouwgh spaced irregularly, the v'oxNs'

local iomi ate otherwise iiniform; Itha. is. they forii (tistinct planies. Therefore,

rathter than storinig a tlist iiict set of coordinat-es (or eacti 'oxel. I was Able to save all

X ordtluatfes ill a i-diliiellioi, array: all Yand Z locations were storedI likewise. This

approeach alIlows lit- to rt'prestiil thlit lotat is of i a iiy %voxt Is b y ulsing rt'laI ively

few iiiiui1bers (r. a million voxels miay' he defined with am few am 34M) inmbers).

Each local ionl ordiniate must also) b~e adjustedl to fit inl with the viewiiig geoiietrv

Ihis step1 involves sulbt ract ing half I lie volumle's spaii fromi each ordtinate value ( cg.

if It'e volinme's N ordliniates range from 2 to 6i. I wouldl be subtracted fromi each

ortliiiale. *Fhit resultiting span wouldI go fromt -2 t~o 2 and be- cent~ered abotit X = 0.)

Whlen Ible user wishets to chanige I lie size of I lie volume. all that is ireqlii red is a

simiple iinil1t ilhitat lu of teachi ortiiial e bY t lie- iiser-spo'ci lied scaling factor.

Ilk addeit iton to Spe'ifYuing I11 l it .i ig gf'uuit'iI.. \lIPl*: allowvs tI list'i to

scett t argt't valuies of inleiiit'. thle rted. g't'mll anld I ,llic (IMB~1) tolor valutes to I04.

I - ~asstxia-eel withI each targt vale. It'e iaxiiiii allowablte deviat ioul fronm I lie



target. % iis. 'ie palaiietrq ae -d sored da~ recfA114 -i- ord: a wplarate recordl im

millfaitaiul for each target vailue select ed.

3?. ?. 1 7411j.0 I I EID( s. VII1:[1 allows slect loll of 111) to ~ive '*i t&tg(t (tata

'balles. If I Itli ser wishes to have' I he 01 I 1iilderiE'l ill I hIm iage'. olii of I lhe I arget

vallies iiiiist he fte ulala valme t hat was llsedl to desigiiatv Ibte (OT1 illi Ilie %volliiue..

.1. 2.. Targf I ( 'ol01rs. A so-parat(' II color triplet is specified for- each

t-arget valuie select-ed by the use-r. W~heni specifYing A(G B triplet-s, I he user mutst take

care t~o select a dlifferent. triplet for each target valute. Failure to (10 this will result. iin

surfaces of different isovailes being rendered witlIt I lie same color; imtage aliliguity

will resltf. IFurth1.ermlore. tilie HG B t.rijplets siotiIld be- dist-iiict rinotgh that. color

variatioins resuiltijig friom stiiiace higliliglitiiig will iiot create a color crossover

(where surfaces with (differeint initial colors appear to have the same color). RGB

ritilet s are expressed as sets of t hree real mi ubers t hat mma raiige fromi 0.0 to I .

31.2..3 . tllow-abli Valir Iur ,iatio,. Tlhie allowable value devjatioi defines

p t Ihe "window" of values t hat will be rendleredl. Ini order to p~rovidle visual clties

about., lie proximiity) of a surface's value t~o ft(i target valit, surface samples withI

va Ilies I hat at.(. lnear I t( vlcit er of the va I if' Wvi 11(10 will be mlore opaqule t hllt

samiples that. fall tlear thle Window ed(ges.

.1. Opacity. The finial tiser-coid rolled paramet~er is thle iiaxiiii

surlface opacit v. This paraliiter iiuav ralnge (m-ii 11.11 toI 1.11. wit I, hiher vahlies

dliot ilig a higher llegie of ()pIcit . Al ii cl~ of~di ( 1.0 wO'ill puml(?ll(( smilc((' t hat

are c'elit ii('lv t raiislparent dllll colorles while a valicq of 1.11 will be ciipletelY

opaqule. As mjent ionied pucevioislv. tw lIi al opait v of a Siulface Samtple will dlepenui

Iipl)Oi its vallie's proximiitY' to a target valuiE'. Tills opal-ItY Is deteriiiied bYt Ilie

20.



I1i"111I XfIi 1.0 ~ r - I'lI~

fol. alY 1-11111f thait falls wit ill lit,' specifiedl w~indow) of valuies. All sanilits

Ihat do lot rall withlinl In i-alie window will he. assignled all opacit-y of 0.

1t slilld be littel Ithat I hi opacit v roill1a dliffeis from I hat of LA'vt~s

1I5:312). The reas~oni for I his dliff('eence is I lie fact t hat Levov is t.viiig to render

surfaces of a given thIickness withI thle followinig fortila:

_______ x Jt~a i (2)
O1ICIYffl pe I-t/,,cknu.4 local gradictt

After experimentjug wit-lt both Ii eqalions. I fomnd that images reiIderel

itsing Eiat ion 2 showed time saime structutres; as ititages rendered ~i.h E(piat ion 1.

H owever, Equiation 2 lpro(Iiices a dimmer image. Dute to thme b~rightIer images. along

withlIite fact that it is comlllut.at ioumally faster. VIPER uses EqIimatioti I to

detent,, n stirface olpacitcies.

3..1 Ray (n.-diieg

As previously noted. ('a('l viewing ray emanates front the v'iewer's eye andl is

directed thImigm the ceutt.erlpoiuit of a pixel in thle viewing plane. Thlese two p~oinits

eleternijlime t lie di rect ion of I Ie( ray. Once I t(e ray is frmrtedI. it. is normalized t.o a

Itiagli, it tie of 1mi it Jlngt. lim ray originlates at I the pixel thlrouigh whmichi it pas.". .

lime First step it] raY cast itig (after I lie raY is formled) inlvolves (let ernuining if

IIev r-ay iuiterIcept 5 ibe (hita vohmite. A\ I w(-ste pI)oII ess is riliied lo perf"I-1 Owi hi

check. First . thle raYs- point of origin is tested to sec if' it is located irdli,, Ii he at a

voiim.If thlis is Ihle case. II( lie ay Is assiiitqel to ntircep1 t Ilite vohiiite withI all

SI uI pact pI)OI It thIatI coi I Icidles wit Ii I I e ~ays po I tI It of orngi I I. If t lie iaY does't

oriigiinate wit hin the voliutte. tilie ntext step is to see it' tIhe raY extend~s iiito t lie

\.Oltiuiw(. Tjo perfoiim th~is check. thle (list ance from each face of the (hat~ volume t~o
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hsance. tilt- disAmices from tilt- ray'm origini to tilt, left And right faces of i lie data

voilitiii art- dlividled by ille N-coipon',ill of I lie ray). oiice all six face-to-eye

I ist a tire arte ca hii tat ee. each raY comnpolkeeut is II'I It iplied liY one of lilt dist ances

all added'it IiiIliv corresp)olilig vv posit joial iiiiliat e to Yield1( a plankar impilact

COOrdi tiat e. If1 Inls poinit is oil olie of I he volmilie~'s faces, thet (list aiic is 4avvdl

* WheVn4,1 all six (list a ices have been checki'(. tilt he ieA rayv-volmIIn' impijact poiiil is

s -etd am a st artinig jpoiiit. for volume t raversal. If no0 ijitersection j)oiit.s are

fotlitd. t le ray nulsses the dlata Volumie andl processinig proceedIs to thle next. pixel.

If a volume impIact, point is fomid. tile ray is increment ally extetided

thr11olgh tilt- (l-a voliumle Witlli the (lata beinig tested at. each step). Ikvq.yS applroachl

to this process inivolves "resainplimig thei ray at. Kl evenly spacedI locations ... along

teray ( 15:30)". Ani early version of \VIPEER used I his approach with disappointing

resilts (see~ Figitre 41). T1'his techitpie call exhuil. strong aliasilig artifacts and( mlay

Oiliit vit ire v.oxelIs. Thme Ireasonl for t his lies ill I lle fact t hat (ble probeaility~ of

Iiimig all stirfaces of iterest depenids onl t~In length chosen for the intervals

bet wevmi steps. If a large step is takenl. iulam inlterstit ial Silrfaces may be mlissed. If

a simaller step is t akeni to accomnt for I his prob~leml. tile algorit hm will experiencre a

lilear iiicrease ill execi lionl tilme (e.g., (loumI)Iimig tile sammplinig freq Iieuicy will also

(lolhle Ilt li.r(lie to t raverse I hevlo..Fnly tis impossile to asstire

I hat all stirfaces of i imerest will be fomnd: to do so wotild reyqut i CPakintg anl iifinite

nmirmuln'r of samiples along each ray. As all altermative, I have developed the

followitig algorithlm.

I Jo st art II( volt~lii I iav'i-sa1 p)lI(I'M. i' ualv'I luumi i iiuuipm-I Iml is Ais()

ulsed as t Ilie first ray- voXeIl imtersect ion polint *1 he~ point wherv Ilt In' ay 4.'tuimgvs

froti Imle voxei is thll calcumlat edl. ()nce( t lieSq two Ioilits are. fuild . thle iliviuliiig

(la aY bavIe Iestel against the ulser- Speci ijed IIa r-,et va limes (as lescrike b c elow).

Oilce I lie (ure.voxeIlha's Ibeeni priocessed. I thle taY Iu1ov(' to t lie ne(xt voxel by
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pI rigmre I. Alia.,iag Pro 'liced 1y Samipliig at Evei ht.ervals.

a-4slil lig I hat I he (illieilt. exit )oint oin(ides %%i( ht i Ile eiit ry I)oiIt int o t he next.

voxel (see Figiure 5). 'This process continues until either the ray emerges from the

data volume or I le light available to the ray is depletIed.

.3.j Data Samplit and ('olor ('nhlatio..

Once a ray is )ositioned wit hin a voxel, tle dat a 1"itig aloig the ray's path

iliist be test d against the target, values select.e(d by the user. classified. and (if

Spll)rol)riate) factored illto th ravs color. This Se(lIlcei(' forus a ilpeli 1e as

des rilbd I)Y Mlarc Levov ill (15).

.?. i . nf (Ir /tiff rpolllion of I)11u I Ilit. .. The first step ill ttInig I l1e

data is (ltel'iilling I le (ata Vallfie at I IhV 1a-i xel eI I'V all1 V.xit I)oils. This is

accomllished by foliowiig Levo's suggest ion (!5:311) al(I triliuelva I\ iluie'l)olat ing
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Entry A E it A/EntryB Eit 8

lirpire 1. lfaY rra-ave~al 'Il,roiigli Auljact-iit Voxtek

i1w visltiem at ile.- lxjints ba&"I on thIe data va11te'R at the voxel'I verticeR. Oncre

tht-s. two valties have lWvii delerintit. radi target valuie can be tested for

iurhuisimt alotig Ilie ra egitivio delined IY I he iryadet.mntq

Thiere are. I bris' pos&sible categorit-4 I hat a I arget value muaY fall ito

*It hesq let w"'ti I lie \.Raleq of I lie. two endrpointg.

*It doesnit Iii' Iet weti I te valuies of I lie two euuI41oinits 61ut oile of I lie

V4I'iitliits lie's wit hiul its wiiiiltow of alhtmapW~Ile vdlit's.

* It fIIH'Sii t lic lo- ~teviI flit. va lmi's of f lit, Nwo i'uu' Itpuilis alit1  ithe flidp 111oilit

lies ijthuiti its \6gudow of allowable ujhuts.
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3 (~~~ciil ii oXel. I lowm'~fw'. if it fall il ISju 04)14 of fil l e t. two (at 4 1ivs('. Illve 18arget

valie iist lbe paramueterizedl into4 a r4'lt d E ist alice t eri as follo~ws:

If1 ieW I arget. Valuet ralls Iiit Weii l11e IW VIII e11)Oilit .

11111f #Wlt(li nit, pt

I I4)w('v4r. if I le target val ivi falls into4 I hie secoiil ('ategorY abo)ve,. I will Ieitial 0 or I

(el4'Ild lig oil1 which e4-'til f ails w\it l1111 t It(' witI(Iow.

After all target %-allies have beeni classified andl IarainieI.(rize(I. they are

sorted I)Y asceniidng \-allies of 1. After the sorting is comp1llete. 'arli target. valtie s

efIf'ct. upo)01 the ray's color may he calculated.

Siince this technliqlue involves locat-ing tile sitrface by relatig its valuie to the

vallies of t he ray segi4'ilt.' viaulpoilts. tile algorithmii is fr4N'I from filie constrainuts of

3 samuplitig 1)oint~s alontg the segnient. As a result . I have eliminated t Mhiming

prol)4.1ii I I'iicoliii III redl 11iliig '*/' ilV. spa~ced l oat ioli .\ Ilso. Nincie I lie ray is

bl)4ig mioved along a voxf-l at a I ilne, tI lic aximum nimilmer of t imes the ray itist.

h~e adlvaniced anud calciulatilts Iuiade is dlirectl I reated t~o ti( he nuutuier of voXel's ill

* the voliuite itusteadl of tilie dimuensionus of tile vohitite itself. [j'lits. for a 1110 x 50 x 30

volutile. a ray will need a iilaxiiiuuiof ouulv 104 xtenX usionis: it. miakes ito (differenlce

whet her t Ile volumle ha~s a spall of 1 .1)4I or I .OtIO.04K liiiit S. Onl t lie other hland, if

V IP'l? tused( evenily spaced samptlles, iucreasing thle volitme's spain by a factor of

t .0001 wolid also iutcrease tile nuumli1er of samlples veliredI by a factor of 1,000.

.1. J..? Sailpi ( 'olmi aind Opacityj ..- ityllill0. Dl~ecruuiiiiig I lie IWBl

valI ues to be' used for each target valueq is simphIle: thle 1liset has a IreadY dlefinled thle

I(. l va hii(5 associated'( with e(ach t a Ig4t val 114. 1)4 'I erii iii ig I lie oi aci t y of the14

surlface is littleI nulore ilivolvell. If I It(, /-valu4 i"(j at f-d witil I lie t aiget valuec is

greater I itaiu 1). the opacityv of t ie( smitface is efiuial1 to thie tuser-speci Iied opiacity
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siits 1 lg 1 11liv a t 1 . El~*,~~l;~~ 1 11 I, f. i111 1 NagL~li'i

I ,t PaEP point for',

i. I.J S11icHihlihltqing. 'The iiexi stveI iii I Il'tlit elt'Iiiig pi pehim.

i,,v-lesl iiilig i lie siurface. highlights (1114 to Ilie light Source.(s select-psl bY dwh

uiser. I list. tit( IlIloiig shiadling iiodle to dltterim-iis stifact' high lights. H owever,

lielurv 11 I llltg tItodel cail lbe ulsed. tthe tiormal to 'hbe siurface al I lie point1 of I-a

ult ersecti lou ust be' del etitlitieti. I use lte local surface gradliett to dtlttermine the

slil Ifac' nioriial. Accordli ig to ILtwoy (1t5:31 ). the local suirface giadieii cali be

dlttiiiiitd by

V'f(.. j ..) :z- ( 1(f(.ri+1 .yj, :L.) - f(.r-i,. .))

'(f(.r...y,+,. _-L) - f(.r1.y..-,. :0)

Thlis appro)ach assigns t Ile Salle surface gradlictit to all p)oint s witlhi a giveni voxel.

\ PII' l exltends t his I ecliuuiqpicid nti'ses bilinevar iniiterpolat ioi t~o approximate local

gradlietts (aiid illis t lie siurface iior-Iial ) as follows:

V[( urfet ~j.) ~ ( (.f( .~i+- i !surarc- S3Idrfq.., ) - Ystirf~irr. -asurfnrie

(f(xvrfre Yj+l- -sarfaier ) PtXsur face 4Ii, -aar fact,

( .f(,I. >it rj,ie - !Ibi itrfwc A+i -f(.r,,ff.,. , :0) ) (5)

A I bolugh VI lt 'hi s t echi li(ique is more comiiihcale t'iIhan Levo)'s. it gives a Imore

acciurate vallue for thle suirface normal at a givvil 1 ioiiit.

(hice t lie sit face iiorimal Iis ca lenlat el thle I 'liotig sliadintg mloddelluay be

a pplied to the surface to dtleninie Surface highlight s.
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all ltoiijl it 14 it11441 dwas-4 t irie( I Ilttde4l I II- O'fect m of light ,WV4ilig I it-oligl

ilfact of dliffertil opacities. Ali acitralei amd realistic iil(Hlel wouild he4 ext remieiv

clipiex andI slow. Aliso. as MIichtael Kee'eier nlot qs. "it's ImIttgI mortie iim-al poto

relpresettt iloriliat joltli IIa 1o go for i-fdlrm Uill mir field ( 21:25)." Thierefote. s l

allertiitj e( to all1111 iicat I' ilt&Hel Or light -smrface ilieract ionl. I dleveloped t he

rol lowvi ig met hlod to accolilt foi. (ecivasilig light lq.%ekI. n11at I itliated light is

assigined a l iglht level1 val ile of I .I. As vach pixel raly is formted. it hast all availab le

lighit level of I .0. I iowever. as the ray i'mw-q tltroigli smrfact-s. t he light. level is

delecrase(I With thle followinig formutila:

light It v'E I = l it hI-( I x (1.0 - omiriCtlY.1irf,cf

Tfhis technique is b~asedl onl thle preise I liat light may only Ie reflected or

ralisittit ted; nonle ilay *iv e ab~sorb~ed by a siurface. Aniothber simlpiificalit l I made

assumites thiat surfaceIs OllY reflect fronm I Ilie side I ht faces the vie'wer. Thits if light

is relleit ed fromt alt Iuiidl-in~ug sutrface. all of Iliv' reliected light w~ill pess thlroigli

aiiY ilerviveiiig siurfaces. A finial assuinmplti I miade is t hat all1 surfaces are

I)(rf('l Y sit toot Ii: no light is scat tered I iirouigh reflectionl. A Iliotigh hiese

assli 1ip1 t titls grossly sillip1 lifY thle initeract ion li t ween light mtid physical 0ibject~s. the

resut Itamit illodlel does prod ice l it effect. of light alt etitiat ion wit hoid slow. Comptllex

coltiputtat jolt.

3. 1.5 C'ombiniing .Snnph anud fl#iy. 1'I( fiiial step) to be perforitnt'( iivolves

factoiiig tliet color of th14 surface lilto Ili flial 44lo oltie ray. lo'( dot Ilhis. V*IPlEi

siIIlplv 11iitlt iplies h I I( W4 " alutes of' hetI stirfaic bY I lie ()pacIiY of tI sucNmrface and

Ilie available ligh, Tis (c0lor is thl adde'd Io t le rav\ color. Tlis.
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1=40

BY l'i'i.~ p I lhe lighit lvvvI al imii 1r41 i n ilvlaii tiuicli smIIfitcv's color0

roiiitii it loll to ItIev pixel as thle raY is I ravedl I Iligl I i Ow 11 I aili able to

petrform1) a froitt io- bac stiuiiiit loll mtid I ums itv014 I hei ext ra I im m1 id~ morlivad~

regIiiiie bY'~I ) theii fronit- to- back t raversalI followed bY a lhack-t o- frou smiitii 1

I lii 4tI4' deloped)j'4 hYV Irieter. ( ord lu. al iRey4'lIlls

..1 SenuI11av (jof Aqvh

9 Headtt hii Data andiu Build the lData V'olumie.

* Inuteract ive'I re'ad in I tser- out rolled4 lParaniet,ers.

* FIransfoiuu thle Viewing (eowt~r.

II For Each Plixel:

- lForu Ila\-.

- C heck for Ray- Votlmie hite('s4'ct itS. If Ila% Inteorsect~s lilt- \oluitie,

Trace thle Ilay 'l'lrotig the Voluuue. At. oacli Voxvt:

* IAW ate Ens itrY aiul Ex-il Poiit s. 'lrihilleartv lit erpolat v thiru

Val Iues

* Lo~cate' all Ray-Target Value Silface tuitersectiotis.

* C alcul ate Each Suirfacvs Norm alI. Sliad i iig tact or. ( oit ribuit ion to

* Ext end Ila.\ t~o Next \oxel.

- Save Pixel's Fl'ial I( B \alies III a Irlauic 31u117..

a Sav Fam it ifr) ini It iatisle F'ormat.
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1IV. Can cIus?1ins

The4 first filiii4'. Chapte14rs of I his theiisis l-r4-4(ii Ih 114'ital ~I'Anid

assess \ hI. Its ca la' llit it's aiill p'riOrttIlaice Chcli icter'ist ics. I will also) 11 Ili 114'

w hat I Im-4lieve4 wold 161 m 4ia jor e'iia celi4ilsto I( V I PER~ as well as ot her fieIlds Ill

which VlIEI ight p~rove Iis4'fiil.

h. I rforinanct ( 'hartoe rl'sic.S

* I.. rim 11 Opinhionl. Iliasniuoih as I alit Ilot all a4'rodlyiaitticist anld

I lleneforf niot cjiia lifiel toa assess V jPE ' lit utiity in t hat Field,1 I souight th lIE'4)1111011

of thlose who wouild know what is useftil anld what is niot. Accordingly, I presctite(I

\ I P HI1-geiierat 4'(I imiages oIf 11.Itct'ical flow field dat a to ( apI. Beraii (all illistruct-or

illIic14 A F'IT I)'Iurt tiviti of Aeronat id Fuigincerinig ) ati(I Dr. Web'lster, alt

aa4 ~dlaiuuicusl fromi the4 A\ii- Fotre W~righit Aermnaittical Lah~orat orv. Bot i of IlIi(,%(-

r'Vi4w4rs iiiadle favoraldle con ilu-ent.s oil\ VI P l-tS imaiagery anl I Caailities.

Ill all ('froll]I t) (demonst rate I PE[Its aiiil icalbilit ,v to otlher fields, I utsed

VllPEK I to I~~4 c'a se'rie's of im ages b~ased4 oil thle atoluic 4'114'rgy levels

S1ii1*1oiiilig comp1~ressed4 (rvst alligie sI ritctite Lt ( 'ol 1 tpo. a professor fromt

AFITl's Illa~sics I)4pa rt uteilt. was fa vorably imitpressed I)Y thlese imiages, not inug that

I he.N closelY Co~l)rsoi(l wiltI (lie 21) (it omr plot~s Ie( hadl de(velop~ed for thle (lata.

I le Fi tItleriuiore staet I hat th : 1 1) uimtages dele''ope )Y'I VIPER[ we're "ic

lwte4r" g liaui 1lu4' polYgoial-lbas'ell iuuiage, lc lhad hI'veiu 11S1iig.

IFiluallY. VlllF;I w~as I154'd 1).N ( alt (;at..\ Ioiiiior (a Ilv .\iowA F I"I'l' s il ) Ill

1114 coiltS(- of his Illisi e'fforts. \\vi heuu Ilote614d ('trovs puutetat ud bY a I'0h('11111

Navigat ioi Sci4'tlu's 3-S PA( F I uackci. Ili 0661 a '"'1ic('t r6'adhings at spe)4cific

spati al In t ervals. I Siuug t iceo I-cali ligs. \ II'VI [ Nit s ah' to( 10 g(iu'iii alitl inltage' of

16i4'6 ict l vi-lot vales "-ith I, Itt space whe4re I Ie( I rack'il wa be(inig Iised. St 1uidyl ;ig
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B asedil hesecx assessitnenit 5. I lielieve I hat Ilit aplilat 1(111 of vol tim ivt nc

rlilering sholild lbe ful -liel 'xlorved. Inot oiill. ill Ill ie~ld of 'ollpltat jonial finuid

(lvti~i('5 hut ili other fieIlds of si wl as well.

I. j ItiiiiI/i hn jl( lnci. \ IPI? I it gra phnics p rogramt that uises a

IaN.-castilog algorilt li ito 1 iiox-l filhi. :11) images of a %.olltiii. oif (lta. Ill orderm t o

assess a igoiil t. e itlicitilcY. One lIII ist normially~P' spcfy i't1( eficIi-ic. is Ibe'in g

expressed'( ill ter-ilx oif timie oi' space cointilexitY. Ili assessinig VIP~ER. I have found

li hat thi st i l l ct iou is niot Inecessa my: the algorit lniis ltl nuw d space comphlexitie's

are both fn (el(l ((it f01l file size of thne (la a oltiuine (ill tenis of voxel

dimentsions) to he renldered.

If oiWe disregards filie pirocess of reafhilig ill th Iu la v itiW., \ I PiEI ojeratf'5

wit I1 all ellicif-nncv of O(pr'.. where~f p is lie4 m 1 11br of pixels hiroigh whlicI r-ays arme

hieinig cast amnd r Is filie voilumue's largest dinivilsionl (ii tennis of voXels per edge).

''fit, elfficiicv inot at ion for thle (hata-r-cadioig Ioi) oin of V I PER depeWnds Oo i it llit

- of nmleasiltevnenn to lie oxed. If Ii('asmill inl t crins of total nitinnilici of Inesl nlodes ill

Ihe flat a volltine. t h1is segilivi opeirat es at a Ii miar efliciencv lvel of 0(d) ( where d

is Inhe nulinnhl. o (f dlta )oillfts t o he read ill). Oil Ihe of lier hanid. if onie uises I lhe

vollu ine cs dim nions ( mleasuired ill voxels per edge) as t fie st a hndard of tiwasnire,

VI PEA lll at a-reafl itg performanice nnnav h~e exp~ressed as 0( Ij k) Where I. J. A- are

t lie. N\. Vt. Z dimienisionis of, I lie (lalt a votulne.

E... &ruulo,, limf . It Is dillicuidt to1 ivit iniitmiiigfiih figite-

for' VI PI'I exeit ionl 611 uni e to oi IIc ,iumndicn oh haul0)11 ot q.nnnnnn~f voxcls inl

fle i lhune. ;imx ii n'nsiinus (if fintculi inlage. oh.1c je inaittiiicat loll . Inuininble (if

snilfaces hbeintg suinnghit . Silfac opacitx\. 0' .) itvo1lvol. Ihowevev. to pl-illme a

414,lnnoinst I-at iotn vidleo t l1it is I Ion]1Y secon( l inl ligi In reohluit-ef I lie r('nidetiing (if 9t00
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16tt2, 111 1it -M I~ I Ito It S, I hI it e - aaI IIlaigem Sho(wedI IeII volulIme atII lireit IT aa. igle It -4i d

dilf'a'aatl opacitY VSell i aig for t lie I arg(.t stirfact's. lFAtch image invaasired1 512 x 512

pixels. 11ili the D igita~l EIquipaiieit ( olral ion (I'M NI icrovax Ill graphics

MVMIvells loval eI at AlIT. Iliet t imei Ie(jI~i(t p)er image raniged froma 27 mim iite I' .o

a ppIrbx i iliat I O :1.71 IhtIits. \ ItlItolgla ths Ilefigiures olviotislY IprecIit(e th lit se of

\Il'I I for lilti eract lye imtaage genet at ion id view i ig. thei(y at niot prtohii 1tely

larage., 21) imi ages iise(I to de(milist rate graphics capalties at NA S A '. L angleY

Ilescarcit C enter require "only two hours of central processing timue (1t7:5)- onl a

VPS-32 siilercomlflter. Therefore. I believe t hat. VIPEIR ulemuotstrat~es a useful

imi age p~rodu ctilon rate.

4. 1.j. 2 Alf mory Hlquiri nis. Mermory reqIiiirenat s. like

exetuut ion I itnes. are (liffictilt to jlitaat ify.: therefore. I shiall againi resort. to Hie

nieIIVIorY reo Iuireiuleat~s I observed (Itritig thie p~roduttion of VIPER's demtomstrat loll

vid eo. IThe st orage requiremtenut for th ldat a file \%as 10.11. I inegabvytes ( Nib) of

0o1iai aailtaioi haowever. it Shoild be nioted t hat the data file was stored in ASCII

formiat . While less alliluorY would be required if (dat a was storedl inl a binary format.

this w\oulol iti'hlce ali el-ilivieu of Systemiu olepetideticy atad 1I11ins limit ( lie j)Ortabilit\

of I he( programii. Whle executl aug. VI P lR requti red 2.11 I 1)lb t his reolutiremnlit will

chlige ill proportion to I lle size of th ldat a voliie.

(1.13 Pala Display. As tioted iii Chapter I. most arro v Ilatlilt(. Images to

date Ilaave(I beva restricted to e'it her 21) (ljsjpliis. 21) imtages siijperi atposedl tipoii ea~ch

otlher ill a :3D arra augeliiial . color-coded regionus ()Iat ilie siar-face of I it(

01,ject -ii iiuer-t 'st (OU iT). or a :11) display of v'tr'or pairt icle jpatlas. Figilae Gi

shows a t1hpical 21) aeaideriaig of I ie( flow field ar-oatild a frict jtilless sphlere. Ill

cii ast . ligmure shows, a stereo Iaeor II~ llichu flow field as reii111u'reol bY

V I I' IKI. The differeiat shells (lisIlavedl ill thle iage corresponld to variouls valuies of
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I le'eih~e'I iiiiilie III I lie 00 $111 I tll Iir ' I I I I Ina~ ' I 1ie .11r11 t I e' iat

celcir kt,%v mi il ivalt te' I ifIa gel vil itt' Iw~'iig re'nlerede as wt-1l a, I lie color withI

which I l14-Y are lw'iiig fci isgliive. Thei icalt' grely Silie're' ill Ile ofi .cl lie lisiplaY

w

wak I ril ex (Figiure' 8) wit Ii 1 he U IN i II-gc'iic'-al ee imuage of I lie same dat a set

( !gi'. The raiigf. of \ i Pt. Hs caa dl~lift ges is sIil.'i'e'qt hYl lipv Iiv 11 wichl

shows I lie qame v-iew of I lie vortex reiieir-'ed wil It diferetitt olpa(it yraltieq.

32_



Figiire 7. VIPERI Image of Flow Ab~out a Sphere

I IH'lev IE-'V I I I 11SC. exampulles and the lie' Il~isI-cited reactionl from i

Ip lit ial Ilsr IISVS If1111t rate \ IN s I pII lv ett al for impI~roving time sta~t.e of

avrodrl,,am~ic flow field itiagerY.

.1 Abllasing k~ffc/s. As I iioted( ill Chlapter 3. the origial mt-rategy of

sa iuupliug at. evemi steps along vaeci raY jpronluurd very Ipronomti(c(l aliasitig axitifacts

(illie to ille resultant. gaps ini coverage that occuir b~etweeni samplinug j)oillts. Locating

siurfaces as a fuiuctliout of segiuuciut eiIjoinli vallies eliminlated this plemI~u.

I lewev'r . I here are still stimiret'.s of aliasinig I lt SIutull I e adllures.

ITO leginl wit Ii. 1 lhe uiuuuiuhier. of vo~cls, ill I 1uc flat a vollimeu itself wvill huave all

('iret'C oil I lhe (legree i If spa I al tasi mug api 'i ' Ill i I lit- filial Imuiage. Specific all 'y. a

gi vein voluu uiue w~il II l ii i fewer a I asi mug a ut ifact " if it is relureseult ed 11Y 100.0111111

voxlsIS than it wolid i(f it is comprg~ised (of OllIv I0 IPO xfls: thiis is a not her 170r.uu of
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Figitre S. ('ont otr I'lot of WVake Vortex.

aliasitig as i iniciii of samitig frlieugcy. However. tle illilil o vof v it,( k i 1

volmlule will b~e dict-ated by I lit, uer' iweuds and systemi capabilities: this is not a

iA nt hier aliafiiig effect I hat varit-4 wit It tie size of ( lie voxfek biiig rendered

is also 6iaihluaeiwed by thle Simi'jess orf lit( local gradient stirroiilig a giveni voxeI.

lie size of I lie- v.alit( wiiiilow being isI.d aiid I 1e opacit v or the target slit-ace.

(hvell thle right circuilst ances. th lewtire voxel will he croloredl and displayedl as i

recl angular block wit hili I lit, final imiage. This effect is muost likelY to occutr when

uesiiig a Smiall valuec windfow anid hligh opaciy v ielici('ilit l, rq'tuiler. a region11

colI Iip risedc of re1 a ivehvI arg I-,'VON s COInIt a inIIi IgP a See local) 104 et ',1 ,1'1w f III S u Ie uIaY

laijpeii I his foruiil or al jaming by speci rviuig faiirly widle valm, wiiilows andl low--

op~acityV coficiviit 5. pal iciulari Y whli sot 1 ilig 1 hem,4 valies lot. renlfiri ug I lie 01 'T.
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Figtire 9. V IPER-Getieratet lIage of Waike Vortex

Anlodher sourice of aliasilig is jpiOdlicC( by )oilit sainpllig a(id is dIvi(idelt.

iijpoii tile rtesI iiiioul of thle Viewing lIail (ic-fa-tti'C( iii pixel dimensionis). Tile

* ~~coarser tlhe Viewing planle. Iw he uuore prio)toili('Qd the aliasinig ( Which muanifest s it self

ill I Ille formu of jagged ed(ges ) will he. ThIis is (mle toI te fact, that ItIe Color of all

viii ire area ( the pixel) is determuiincd bY Ihli color of ait ifinit-elY smuall area (tile

cross section of tilie pixel ray). lauii schelles have been adlvancedt ill all effort to

remedly this coiuiuoii grap~hics plemll~t. Typical solutions include Sipersaifl~ig

firii'ig more than oiie ray per pi xel a iud-averagi img tilie restihlt o 1( t riplets5).

tilt er-iug. anld -lilurriiig ilie iimage bPY averaginig I lle (014s ~4 ad jacciul pixels.i All of

1 li('Nf apprI~oachles i 111a higher comin 111at louia I ovcrllca a iid Ivcod to dlcgiafle 1114

slia rpiiess Of the finlal imuage'. I eXl)4ri miciii 4'4 with Ii so rsa iipl iiug a iid foltiid 1 hat

alt hioiglm a linlear ilicrecase ill proce'iuug I iuite was iciie.litil I I inproveuuiviit was

achiteved b fiin Comi jaYs pe ixel
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Figure 10. Wake Vortex llenderedl With Different Opacity Valties.

A fliial s40i1lce (Jr a asi itg is i4 1(111iliel lby lDrebiii. Carpenker. and Hlawaiiani

who~ ajote that, "whll rays diverge thevy may no(. sample adjacent pixels (5:72)"

(Since a ray is fired t lirotigli (r yr plixel. I believe this is all error and peircl should

read ro.rd .). However, giving tilt' iser. tilie abilityv to adljust tile Ihew locations of tile

viewinig planle anld dat a volitime provides th lie mans to iniiiizf' this p~robleml. As

I It' (list anice bet weeni I Ie( viewer's ve aid I lie viewinag plane increases. I-le angle of

di vergenlce bet ween raYs decreases. AS tilie dist ance approaches infinlity, the ray

di vergeiice approaches Zero. As all examnple of t his liii iqtae. wlmeit itaki mug mY

lenmolmst I-at iomi video. I utsed a .112 x .7) 2 pixel iumag platte' set at it (list mice of tI1000
L

litit s from il e viewer's eve. ( VVeIu this cou1fiillmat ion. II liMuaxilM'M lludiVV'VereCe

bet weenl neighbor-ing rays is olv (1.1 (2* If less di vergenice is desired. Ihle imauage

planle and data voimnue muav he muovedI to ali evm gre'alfcr disfamuce.
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l'igiire 11. Stibv-olime Isolat ion Via 00 iitig P~lane htetlcod.

1.5 .) rnile If v ( 'oneli. Tlhere at-(. a 111111164-1. of Iparali(.('rs thaL are

e'xplicit IY (oilltl l)V by Ie 15(1 s rl iesecrail iiiI( oiie of two genieral categories

scene speci flcaf ion andt tat-get vale/jproerty delitii ion. A fter reading in tile dala

Voiiie JPEil prompi1 t s I lie tisi'r to eniterl valties for each cotrol parameter.

J. /. 5. / .%cfit.Spe cijicalion. This first cat-egory of Iparaliet(rs allows

lie iiser to 'set I lie scene-. ITlhe iser iist first, specify die viewing geometry. The

para iiieteriS I hat cotil mol fle in it ial geoiiiet rY are tilhe dist-a lice from ile wviewer' Seye

Ito I li' ((lit er of i lie dat a \.oI iiiwf. I lie dist ance froim Ille viewer's ve to Ihle viewilig

J)iane, atid tile locationi of all desired lighit soil ices.

ThIts 1(-[ IiuaY also sctecd ivY .. II~ poll iolns of I lie dat a oi i l Ii Iwo

wa his permIit s Ill lt ier to Ist)Idt( a sit'tilic 'slilcvcillille of ititerest . Th~e first

iiit' hod( of voiiite ehiliil ioul is accolll)ished'f bY placin~g I lie viewinig pillet witliill
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itisi 4'&t of 14I. vit-weg'. s eve. I was ai1 iii'I Iratusforiul lilt, V itwitig pildtlo ito oa u.1 I ing

54'14'4.t tvi'l.N 14'itovilIg lise'l.Mpecilied shlbs fromt aliv (or all ) of I1 loitiile's six faces.

Fiire 12 shows I hIe samv t flow lield i s Figire 7: Ilowev4t. 915V or thew flow field has -

bl~el sce4't ivel.N remo14ved l ting slbs off' of t lie- front aid kack o:f I lie (lit a

Vl Tt i t. eit'C4l ral of! I) lit, v)ltillI' IS I lilts revealvdt lor exaiitiloll.

Omv4' 114. SillI iohlilt, has 1)(44l 11 l1(L. I lit, 11leluts 11" 1)111l scaltilg facl015.

a iigles of got atioti. 1141 I ra usli IlaI l (1st a 114P. Final ly. lite uiser is gi veii the

01)1 lllt.yI) t~o clhang lI~ lie size of I lhe viewi iig planie. Once ent ered t. ll4'se

l~~aralit('t the 1 filial vit"wig geometry. A nother variable to Ile enIteredi

5s 4ci lies Ille ami bielit light level wit Itit I lit- scenie. FiiialI~v, alt I( color triple.

utitist be spec'(ified for thle imlage ialt 4. This is ai color to be' ap)plied 1.4o ally pixel ray

t hat miisses 1114' that a voltiglie. liars t hat dot itersect filie voltitie ate i uitially black

( H( = 11..4) andi Chiange as t hey e4'titot t er I argt't siurfaces. Thle object ive of thIis

I't I114' Is tol thisplaY I lit silhlfit 1 of 1114. (lil ~lttgvlili4' againtis a coI4lred Inat: Ithis

allows lilt ulser. to orient filie rendteretd suirfaces witliii tflie- volitiiie itself. If lte imet

0wishes to dlisabile t his feati tue. ie(, ogiY teeds to se'lect a mtal 1l(.I I tiplet of' (0.0.0).

j.I..2 i p Ieiu NU '11w~ h t'i ltltl v4'rsilog of VIPlE'IR allows I114'

ttse'r to speqcifY 11ll t) live a rget valties to Ile sotaglit out aid re4Ild('red. For each

t-atget valte. filie ltser u titst. specify tIt(' valuet it self. a wilnhow of ac'eplt able valie's

whiichi is celttered aboult the target \.alit(.. tie(- IIB coloi trqilet to hle amsociatetl

wit It t lhe I al-g4t valle. anid i lle ollacit v (f I114' t ill' ('(.I illv4'm iflf4. hn' vahutes

at14' assignetd ingdepenent ly for vachlIa uge ' i c h) 1114 to 04 501gl it. II owevt'r. Illie

t4'll('ct ivit valutes (deiffiise atid spv14'ClllIvil '14't i~up'ii i'ii-l s) are' .;perfied't once

alill aplliedI liifoguiilvY to all rteeed siuggfaceos.



I 1 Poo /a111 1/ i,~ . S, 11 t- 114.1 [IC 1111" 1(1.lI 1tu1 11'".i If, II ill 1 cg a Idq

vaije 0 o iiiiIilug factilit ies at I Itiit disposal I plaed'4 a great de4al of v~iIllt&04mis

4)11 iliatit aiiig I)ottalpilit.y. AccotltinglY'. I 45('Il('t .'C msVt (liltlei(i Iii t ies ill fav'or

of li tig geiilerallY availablI~e fillitio P1 (slc as41 ilte alit1 (lsilef (iiict ills) iih

SI -a iglit forwar 1( " codf.. As previoulsIN llyitit i oiiefl, I het fi lial im agei' s storPed ill I Ie(

11 ll ~.,h1t form~al . Th it.* or I his fornial was j~lst dfieti Ibecatisf it is a lllllic domiaini

fo~rmuat that~ is s'.il l ii ptt.4'4 for In a iiv (I tiferetil . Alt lioligli (l(vel0)t'll off1

a DEC I'(.(P X NI icto~ax Ill s~stvtiii. I hiave' lieei aile Ioi t ratisfer. recompiiile. alit I ru111

VIPRi: oil a Silirot, G raphics :11:10 Iris syst-em as well as a VAX 11/785 comtini ti.

4.2 Sag si99 .rvd I:'thanc'rnitnis

V IPER is not jut etided as all Illt itt e graph~ics tool for enlgillNeers. It is also

iiot ijut etided to Ile isedl for. qulaltitati e uieamui-eiiieit s. However. 1 (to believe it,

has thei( ipt (iltial to becoime a very tiowerfill engineering tool by providing 3D

images of ;erodliatiiic flow fieldi dat a. These imiages wvill miake t-pialitative

as5e(5il (1it ofl ho" lieids it'lal I lvl Simiiple a iid ililt flit I\ ct fr vingi ers. Ill I hei ('oltr-s(

of t his t liesis. I haive dlevelop~ed a prototype for. VI PEA that is simle to Use and

p~rovides' ina lly of thle featirles al ii gi ier is likely t~o re(Iiiire oi- desire. Although

list-fill Ill it~s (current foriti. there are several feattures that could be incorporated into

VIPERi to make it ev('lt miore robu~st atnd lowerfitl.

4.2. 1 Grid Conifiguration. \'I Phil operates oil Ilie assimipt jolt that the

da~t a 'ouuwwill Ibe represeiite-d bY a rel atlgutlar. griu. It was not. 1iuuil ithe later

stae oC (Pr11 I liesis work t hut I dIiscopve'rc IMIi at'rodp I lta iiic ist s ta ts(.I~ a

rectaiigilar grid;: inist ead. IbvYe~ roiut jcl ts( , gi ta ise livi (lg(lial bpill

itot rect angitiat' (see. Figitie 1:1). Jo (0111petisall. for f is djifferetuice ill grids. I \Vollt I

sliggest d~eveloping alt itteiiiediarY ~pogram t hat cohlidlulitag a ieti tgitlar grid juti

a gjveti lttti-tvtt aiigilar grid. t rjlillarlY iuhict-poiile t lie data vallic at I hat IPoiiit.

alld jpto(Illee a tiew~ dat a. file t hat. ('01itilts a iect aiignlar apiproximtlijoti of the
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IllI l I I I 14 1% 1 1 1 \I I'iIoi 11 vt' I It I II )It 11, 1  III, l, t 1 11 it of el ) a I Ig uI 14) kCi4 11

I argO' Sill-fagcs iml )ies the4 p)41 eil iail loss (or accIilacY1, I the colr)4' of I lle r4tlillI'rilg

p)rocess. AItl14ligli \ I I'I*. is i111l4'(l as a (gIlait ativ I VC0)1 all c11(all I lere'f'oir'

4' il S1 i4 iacclivalcv. It is 4t4'adft 'ivsiral to limi tIIIIIhis loss5 (of l)Ivi5sil as

Figure 12. Siihvolmgnie Isotat tolt Via Slat, Riemioval Miethuod.

SI P FEIR call nlow pruw'ss irre4gIit arlYv-Sizel' vox' ': I utolli i I cliu'vv

tumhi-rectailguutar vowx~ls w~ill 14'(Iii(' all.\ m~ajori clidllgl-" 14) the I uil,,ui'ar lilt cil)olal ioul

or1 Volmleif traversal rifilii's. H~owever. I touui1 Sco allY utl'iuiat ives to) sloriiig 1114

XN. Z A (4014 inale ('5 v41~actt meshi ntode. 11'I lis p loVe necii 'l4'5 YI. th lIn ilt-i

r4'(ii red to store or represent te (tat a file will be qItiadru pled: this ilia%. make



N ~~Figoire 1 :1. I'%IpicaI *\erodlvimmtiimt.'M (riIs

V1IPER1 imtpract ical for um- ont iv qsleins. lliereore. I woiI( 4ttggest tind

jpiolde1i he ex ploredl ini ati effort it) producie a ipiocet4tt11retat woiid allow a

gelleratliz.ed deI4r4(ti olt of thle tranasformi requjiredto map grids frotm

tiot-redatigtla o rtwitaiigiilat fortits.

4. 2.2 Noii-Sceda r I 'altif .4. A It otigl Go per cenit. of t.he st andard flow fieldi

variales aire vectors cottpotients. VIPCR canl only~ display scalar dlata. Vector dat a

ma lo fllu lisp laved: however, Silc 011Y Ol l ut ~ic ompo~~ IH)lliw colld be d'l~aYedf per'

iml age. 1 114. vallf of %gie'4) 1 imiages~ is ItiKiIv . (1 t h)i Sic. Hi414,V Ieo mel l'Ottt II I

girolilt of genefral iiig 1usefull (IiSl)Ia.\S of VV0'4tI'~ dili to(- 4'VI6l4'4l. 011C 1)4ISSiblIiI Y

wolIl b( e to (4,111SIilf II~ lieIllve vvloviIY I ye u 1 .1 I an iu splayinig tlhe

maagiifI 1tide of I lie reISllllanlt vector. a-, a scalar vaIliv.
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Ip

vect or valies is thle tie4'.4 Ito fltspulaY Ia Ia that is eivedl frotit II'v st atelati flow field

valuies of pi-ssit'i. e'ie'tgKy. alie vc-ltcit V ve'e-t 0I. III ordler to p rovie hIis capi)lilit .

it Ia tigi gag' prressor titli41 be 4 h'veloped ICEI t hat t Ie 114e.r miaY dlescibe) how thIe~

lesi ril paatlihet enIs derived. MY~ feilig is I hat Ili s feat iit' shlould he dli elopet I as

a separtate progia in tathler t han as all itilegral part of \ IVE'll: thlerwise, V l IE

11a) idbeioit' too iiittluheisoiitt to (ise54.

I . Supt i'cniiijile is (11111 Pa/)f I Prove SsiIng As * ir'violsly Itietlillted.

V*I P il t akes too long to geiierate images t~o lie tised ror ititera'ti vt viewiiig.

IHowever. it. is posil that if hist ailed oil a siilwtcomtitet or brokeii III i to

several parallel proce-sses. tlip thie re(1ttiredl to Comiple'te all image couldl possibly he.

reduiced to secondos inisteadl or hours. Rlestructutring VIII for parallel p)rocessitg

should 1)1' rtt'hittvel)y Suitple)I: inldividlial seginletits of tile vie-winig plitile ( .g.. a few

sc'aii lines) coidic be assigtned to dilfere'it processors. Whten finiished. (lie segmit-s

Wouldf be reuuilted to form Ote filial imtage. The piotetial for impirovedl 1it-'fotitaute

dli ii itelY im akes t.his area wonthi ex jdoriiig.

ShioliId V I PEIIs execl tioti t i hue be shor-t etted eliot ugh to0 peruiii i ntteract ive

vielvilig. tiew Iuser iuiterfaces will lived to lbe dlevvlojped. 'Iliest initerfaces will have

to allow tlie tiser to rotate the volumte. rita ige thle viewlpoiit . anid isola-te vatiomi

sulbre'gioiis of thle voilumle. It woudl also be usefuil to allow tit lie ser to select

dlfeevit target valuies or eveut (hlauge t Ie type of dat a binig dlisplayedl ((.Y.. from

velocitY to I riissiirt) "oil tilt- flYv

1. 2. 5 I 1idomlic Hln, Ir if It/ Ffit I 1 )f Ifchoita. ( )tt oh V IIP V It's

sltortcomuiutgs is III ha tiser titII.st have somti idlea (dl what tlata valttes will lie of

ini erest . If t I l ser floestt ' allre'aflY have somte Idea oh vhiat In helow hlcd shoulld

look like, lie tutist relyv ott chanire to limil smch IVatmutts as hoceuk waves antI voitices.

- Otie waY to locate these feat ties is tCo preprocess th lcala to fitc ituiuuu

12



f lillage lsinig Iargot vadlils andl will' i'iitiiigli %vi141(ws to( spain all of Ihe dat a. \~l

Sti qcesg v ititage%. citiical flow fit-Ill I eat ire-ls miaY he ferreted 0111 . Thiis is t'learlY all

%\ -d. biihli forre appr~boach to all lillport aill 155114. It 1woli 11ld Ix t I if V IPIER

Co lili a l otiiat WallY* locate4 an I-ii '4'i4It a teas of p)(tecut jal initerest to etigi l~iiets. Thiis

fe-atm mie ightl lake flt- form of Ila\ ing Ill lt4 se specifY thne pariiutl to he

ginun1iloluieil anit th lreshiold for tlive local gratlieill. If VIPERA detected a local

gi'adiint hat excu'etled Ilhis thriesh~old. it w~ouldl r4114141 fill, regioli l d 4 save th

param et er valines ill a sep argate lilt- For post -ricli ng atinalYsis. Stich a fratiire couild

save a great deal of t ime andh friist ration For tine uiser.

4.2.6 i'rmpnral I~alzurts. ManY flow field feat-ties suich as shock waves

atid vortices deCvelop) andi tIaingv as a fmuict iosi of timte. It would therefore be uisefil

lto Iel able to sp~ecify a Start andl slop I ilite along withI tine iiii~iIIber of imiages to be

prod ticed aid have V IPER antlonial icallvY devvlop I he desired setJiteiice of images.

Thiis calpalilitv wollfi olbviouslv eY r the iise'r to suippiiY soiuie nilaiis o~f

associating a sI)4cifir time for each dat a saliuple. If t his couild l1e donle ill

(40ijo ititinl wit Ii s iroh))1)11ifiag ant I paralll p)toces5i ig ( See above). I lie

j)osshlilitY o f aiit omlat ic ",mohe- genleral ion all iin t eract ive imuage vie-winig ituight

becolii ver-Y realI inideed.

..2. 7 .Subi'oIlumr Isgolali'on. VI PER allows the user t~o isolate data
siliwoltiiuies bYepuil eoig layvers froim i Ilit' voluii faces (which is much like

peNlfi tg t lie Ia erS off of alli on ion ) alltl vtilierlli iig i lie viewving Illaiie witin th Ile

data oiiie( whichi i, likt' iiakiiig tmhh4 slice'i ~Ih(III im( io). Ilo~wevv(i.. ulser will of14'ih

w~ill liv'ed I Ilt allilil v to carve olt all\ arif rarv' sii,voliiit' I ltv So desire. 'lli

calialilitY sholld I roidedl'(.
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NMaN iie lirowii recceiil lv obser-ved that I here, areli ' very iiamii v isiializat ion

tools t hat 11111 Olworkstt ionbs. "l':dcl iscicilt 1 is inv est igatl ng some lit IIt aecJ5't oif

401Vfar-fetchied prlobleml. So 114 ' ent going to tindiileral tools- She( iiots.

"Ili fact. hat is a prolem: I hevre is a lelwhere 1.114Y all ived'o simliilar I ools. b illt

Ihel past I lat level. I li n all nil a great dextiIv of specializat ion (25:25).- ha

lesigiieol V114-:11i to operate oti a variet v of workst alIion% andI sYst cus. I als

thcvvloiwl VI VIlI ill a geuut'ral miaiiiir soi thfat spec(ializedI aibliiat ions and geiieral

('Ill Itallcetnilits ('0111 he easily icorporat ed. A ItI hoigli t lie primiuary object ive of thtis

thesis was to lpro~hlre a program that ('0111( generatv images of aerodynamic flow

field (dat a. voliumetric renidering tecluil(Illes lIvil theilves to a wide( varet y of
L

p~ossiblIe uises. lit thle course of this thesis, I have rendered iages of arodyllainuc

flow field%. error. levels ill magnetic fieldls. and( at omiic energy levels b~et weeni crystals

wit hold ilooif~iiig VIVER This leads ivi to conuide t hat. VIPERI (pialif'ie's as a

U general tool- I also bielieve thIa.t . i itessaw. V111,11.1011 1(1l be easily modified t~o

accol iilt. ec)'ia Iizat 11)1 ill vall()uls fieldIs. Soimie of' whIiclh are( Iisclts! cd b elow.

IAJ. I Haudar (Cross So ch ons. Rladar cross sect ions are ain inuportalut

ooiisidei1at ioul whenl (le'signing airucraft ai m11 iissiles. eslpecially a~t a t imen where

('illpliaisis Oil "StealthI t edl ology- Is ulreasilig. Since radar. cross sectioii dat a is

'ol lectd 'ill a :31) mcisi. \VI PER coild h le used to %.ssess r'a(.a reOturns1 fioiii mianly

look angles a-s well as differeit radio freqliecies and power settings.

.2 Throi-fat /pos Whoet t ie uaced ar-otiid all areva or poilit

target. r 1;I, coverage is, affected bY I lie tarc-et s 'muiirouiiidiiig terrain. Also, thecre -

ruaY be' zones of little or no radar coverage bet ween inst allat ions. Ilikew\ise,. ait i-air,

olefeiises (SAM! all(l AAA ) are siis(ejpt ilde ito tliin ~llterraili miaskinig arid site

sejparat loll conisiderat ions. lThe ail, conii arliia is soiiiewlitill 1(til(' ill I hat it IS

lirec-(limiellsjoial instead of thle I wo-oimiiitsioii rualii associatedh withI gromnd oi-

= 1
-: : .. . • .,'";-
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a it giei Iargel to pIIroltice all ittidgi' Ihat Ident ifiem 1411etil iallv vuliterale a.s well ax

~plaiiiiiig aiiil isk assemm45ii'it. VIPERh coidI( also( be4 115451 as ali it.4'Iligenc('Ctool if

iised to aitalvze keY signiti umviiittnts or peT'fot'tt sirtenitgtli/wenkniess assseslneiit.s

oif wea polls s~s~ciiis s0(11 as vtiiii fighters. iiaval stirface (4)111 at.Jii~t. orI taiiks.

I.?. /Firib Scuf nc q . \ ol il el ric (4 renerinig ledi ,iiues ha ve a I t4'i( I been

appl~)ied 4Iliieevoltologi('al dla. Several poss5ible tises foi- VlIPER itia% also be' foidi

ill Olie earl It Scienice. One area of research thiat could mtake use- of VI PERt involves

I lhe so idyv of isotlherttuc layers in t lie ocean. Alt iotigl generally tilnlestoo(, there

is still nto waY of predictinig their tfliickiess or extent. Thiese lavers provide excellekt

I iialeiit. for stilimari nes; if tle ocean stirroit(iig a surface comuia~tant. couldI be

samled'( ill several p~laces aiid (114' resuliltjt dalta wa lproces.e.l by V'IPERI, a :31)

imtage of lte isod~ieric lavers inl tdif immutediate regionl could be prodluced; t~his

W(lld allowv naval conliiaiidcrs to ntarrow clown areas where eiett siihutariiies

coild be hidinig. It woild also allow detection e(quiipment operators to fine-tuie

t hi (I lilittivil to 'ompen'Isate for a givenl isot lecrilnic conlfigurat ion.

Atiot hler (-ait It scieitce applicat iont for V*IPlER coitld be fomid ilt the realm of

sc51i('i dat a. Itifortiatiot ftromi core sampiIles and~ seiSItIic Weilsors ('Oli be I

integra tedi antd renidered to Ylid a :11) ittage of vat'uotis featurttes. Applications

won 1(1 include Stich dIiverse' aci vii ies as earthquiake predliction. petroleum

esplora I ioit. and assessing t li4'e 'ffect i veii4'55 of liard'nitig tCedhi(Iicse aromtid missile

silos. ,mikers. miud oIlier midiie'groid sIium-Imiics.

~4 Sum mnary

hileliug imiages b~asedI (il vohutitric ilat a is a relal velY lV ew lield of

('lcavor. ilt 'oltilt er graph11ics. Foi It his I be'sis. I have (14 v(hopln' l Ill. a
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U dI'iOq,1,4llailii hlow liedl ii Eloi4tii g hevvil'4 alm iii-tiet I 4110 dat a. I ami

ttiiiiC(41I hat \IVER~i iiaY be' IIS44 as a j1lv('erfid f'niiiertiig t ool. tIhe( cometits

11,14I'III fromt severalI potenutial users semt collil- thiitmis bllief an jt I st( mor

(lelpl't (u~i.11f6or1 ill thim a ia. A hiotigli vtolmi etric reiuleri Ig cai Iiol pXssilY

replace ol lher ii uageu l-Y HS Sch as i itier-act i\.(e ar i(I id I races. I G4.el I liat it is

tiestim-4 itq'lo Cake its as~W t Ii aliugiiaiit J toi~I IIlie array of a ids avai labl lto

aeumdlvaiticists ill thlir plusiit of safe. dhicieit ai rcraft desigii. While tlevelopiig

* ~ ~ llIEHR alid anialyzinig ics applicability to ae'rodynamic 4.1igilitWrilig. I have l44-clle

awair t-hit rauige of polsile lise-% for prlogramis sitci m\IPEI?. . is my 1belief

thlat as each, areva is exp~loredh. Illore tises will he' rowt iotish micovere(I. Therefore.

C j 1)(~I 6eliv( that VIPER~ sliotilt lbe entiaitted anid it-s applicability to aerodyiaic flow

fields as wvell as oilier areas or research and develop~met shOtld he pi~ursu('(.
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U ~App~enix A. Uscr '. 6Guidc

lhe V 'tiliiet tic Imiagilig lProgrami for lligineerilg Research (I I PlIII) is a

getiera I li I i)05( graphic pr5~)ogrami desjgn(l to prod tue tIi rev-il iienlsioii (3I))

itiltlges hased oil iese of volti lilt tic scalar dat a. V PlHI is svitti-ilt eract iv.e ill

hat it allows t he tisei to ntrcivlset thle paramte(rs t hat. coiitol (t- image to

beC IIOdliiced.

I'his ITser's (tieWill otutlinle liow to install VI PER onl a typical computer

Ssveiii alild how to (lei.crillitle thle p~aramleter \-allies YOUi will tWCto jpr(Atice Ihe

imiage you want.. Finially. some Iiiiits foi- spt'rlinig ill) imlage lprotttio)i will be

Althotigh VIPER.[ wa.s develop~ed oil a Unix operating sysleiti. I have tried to

S keel)vp hie p~rogramt as systemt- iildlpeilei as possib~le. Thierefore. I b~elieve that.

V IP Elt should runt oil alliv systetii that. Slippl~l s the '' programinig lanlguage anld

has siillicieiit IieinorY to handle large (tata files. Likewise. this User's Cuide is

b igased towards II nix mvst ens: howevver. oultside of Some ot inlor installationl dittails.

Iteic shluoi 1( be nio real comnpl ications iiivolvtd wit hi uing VI P ER onl non- Unix

svst ellis.

.2 Installing I PER'

V I It l act tia lb requlireS two libya ties ill ol.E her to ojwi'alte. The first libra rY

is comiposed of thle files that muake ill) t ie I'ltali.ie imiage formtat ioii nes. Th'lese

rout itues are a. Ipuillic flouuaiii set of files that eiialle VIPE h)~ t piodlite iioie

eflicieiit. imtiage files as aii out 1uuat illle secolid I PFI ElIil a rY is com iprisedl of t lie

files thiat Iroi)tc(' VIPERI it self.
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IiIrav Stonic of I Ilew%4 filIm t1H it 4.1 time -v 1 tit )qli lief ItIo oper'a Im vt olvol it colill 4-1.

M414111. 1 list 111('l jols fr Iitlidif icmI its i ia~ v e full idl wi thill1 lt, filem and~ are

lH~l(i lt' MCOup Of f his liSmr* gili(le. 0t10' 1 ri~~ iles laVe 1)(4-11 illStall(A. VOil Will

tim4441 to compil mid 1 iii k t hiemi to form i I him' final, Ilibrary tinle libirle.a. Theio

Siiipmst way to do Ii his is to relinii rletnakeffle to tuakefle and I 11l it tr t 1

C0lii1i1anl maki. I oiiig t his will catism' nakefile to atit oiat ica lY Irodlice librle.a

foi %.on ( Nvi 'rihis appl)Iies t o I T i i x sys ei iis. i f voi a re a imt i-I iix iistr. nmkefile

miay, not. work for %-on. ( onsitit. yoour syst em manager or (loclitelit atiot t~o

ol0cerinin I It( conipihe/litik opo'rat-ioiis yout will need to performi for t his st-ep.).

Once librle.t Iha.- been jprejparetl. y-ou are ready to iiistall V111l11-l1.

bitt rilig.c rhe.gmi-rowxc ilemakefile mv-pitt raw.c.fi
hi~ilhiia~~o re.gmtiow.c.b) Iluiiisvx sv..pit row.c

d it-herc rie-getrow .c .f scanargs.c Svn)-gioIhal .c

rle..get rawx .c raw..alc.c mv..ptraw.c Xt-uliit sv .hi80
rle-gel raw.h rle.row-alcc sv-lmil raw.c.lha

Table 1. U t.ali.rle Library Fli

AI.2. ? IVII Libiwry 'I'lie files .\oil will need for \'l II are Shiown ill

Table 2. Otice- t hese' files are inl place ott youir systo'i mtid \.oil have p)roduce'd a copy

of librle.a (see above). voln are readY to build tile VIPER library. To (10 this.

reitatlle viperniakefle to makefille and enter t lie commnanod make riper to

compi~lete the \]lPEi-lIildiitg sequlencre (agaiti. non1-11nix uisers muay need 1.0 follow

a hif('r('nt pro(cedutre.). ),(It shoild ito\\ Ila\-(. all .\-(itiuieol to 1mioth~ic' 31) imge of

yoi volititet tic (hit a.

A_/ Usling VIPERl

U sing V I PEA? I is a fairly st t'a iglt lor1wa id proce~ss I hat ro'qutires a lilt' of

iitoperly formatted scalar olata anld a few ulser-suipplied paiaiiietf'r vahtio's.



Ilterlal ec t raver!val.r Vier.h I

IItlt~t'X._OI),.C"

'Taible 2. \I1I'T Lilrary File 7A

.4.../ 1Adal Ipm'nl I'ig ,ir I I siows a small file of dat a il I t Vll\'l lI
format. The lirst lile is .si51)Y a renarks line. 'his is a lil( of ilp to so laracl(,'.r
aiil is s'e.Prev (I for all.- laIlIs or pert.h t iii fii'orual iou that id(leities t I(, file. The

coi.elils or this line art- immaterial to VIPER; however, this line must be
present, even if it is blank. The seconl line contais thre, integers that
iIlicate the dimci'sions (in terms of data 1oles) aloug the N. 1'. ald Z axes of the
(Iata volit e to be re'dered. The reumaining lines are comprised of the N. 1'. Z
cuorliiiates of each (lata i)oi. along with the scalar (lata value at that poit.i (Notc:

Putting oi., set of coordinates awl value per line mnakes the file easier to read;
I however, the file will require more memory s)pace if \oil Io this. For larger files., it "

IIIaY I. .bettr to( record "ore IIa one (Iata i)oi, it per lit'. V llan read 'ither
format.). IHenember. VIPER assumes that you are using a rcclangular grid
of data points! Any othlir type of grid will be distortel and the final image will

Ix' (lifticuilt (if not inmpossihie) to interpret.

Saml)h' \'iIPEI Data File - ('ommieut Lilt"

-2.0 -2.0t 0.0 - 18.I M
-2.1) -2.) 1.1) 12.000
-2.0 -1.0 1.0} 6.011)

-2.0 -2.11 2.11 8. - l I
-1.) -2.1) 1.0 6.))0

- I.0 -2.1) 0.1) 0 .0.00)
-I.1 - I .) 2.0 :3.1101

I-ig,,,,, 1I. Sam,,plh" \ 11'1{t ! , Iih4

49



parae~tiers'. Ili ordler for %'oit ItO be ale it) mtake iforimul vale tict4iojIM. WeP Will

tHII te EW 'V ji l each paalieff4't 41Alt I lolw to 4)detetiIite iete vabtes YOil will neetl.

.1.12. I( 'fu l Li id u h'ith-'e s. Thet first paramiueters v-oi will met

ate( 41liubedded ill fit- coliitiatiti lilt( limed to inivoke V lIER. 'I'l( coinuaiicl Ihie

brut11al is

viper -option input output

'The -option allows youl to0 locat-e tile positionl of thle image. Usinig -C will

cenlter. thIe image oil yourl screen while -k will locat.e tie imiage inl the lower Iert

COurlier. Norially. youl will p~rol)aly want to center the imtage: the -k olpt.ioll was

dlevelolped for special situations (suich &q producing vidleotaix-s of imiages).

The input p~arameter is tie niame of the dlata file y-ou wish to have

S rendered: output is the itamne you assigni t~o the final image file ( Note": This file

itattic inist hlave at . e t'xt nsioti. ).

If youir 'ommliand line (loesit. have the proper formual,. VIPER will reject it

p ~and t ermliutate. 01 herwise. VIVIEhl will readl youir (data file mid~ then enter t-le

interaictive paraunet er-set Ii g jphase.

... 2..2 f~ dback. The First valuie voni will be asked for will

del eruine whet her or iiot VI PERl lrodhtices feedb~ack for \oil during image

genierationi. riiis feedback takes fte form or echoing b~ack some of youir pa-rainet.r

seledtionls as well as printfing anl advisory liol ne alter vach scallilu ill yourl itag

has 1)(N-1 (olilet ed. This inlformlal ionl is Ilsefiil Iif* you1 wait l o Ilion it or thle progress

of youri inia ge as it progresses as well as thle liirst I'ew t juties .%ou)t Itsc VIPKR. Otice

voni get. usmed to riiutuuting VIPER or \%alit to pit \l Pi-l into tflit, backgromnd mode.

vonl will proba I Y wanit to disable Ite feedback opt ioit. TO enle( feedbac~k. enter 1;

to disable feedlyack, enter 0.
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yot know the Iiual vollume dinitiesimitm aud a.4k von for a scaling lactor. 'lThim is

1))rl0 utlli to change Ihe I)ehysvical dlimensimos (of .-our voluie alOng any or all of

the viltitt,"I axes. llowev.r, to dt'.1t.tItite the propqer value w',.ill require Volt to .I.

several paraiet .rs. In order to work out Ihese values, we will now look at the

* viewiu(i, gie'ou1et ry Ilhal \'14il:l1 tIl (se liguire 15). \I-Pll at&suues Chat voul are

at Ili, axes origini anld lookiig siraiglt doWvl the Z axis. The viewing planle alld

flat a volume are mu iallv ceiuter,,d on Ill' Z axis. VI PI" will allow v'on to se.I ihe

listatces fromt your eye to le viewing plane as well as .e,(- center of the dlat'a

volume. This capability allows you to use VIPER in miuch the same way as you

would use a camera. Moving the viewing plane is much like adjusting a camera's

iiC focal length while moving the volume corresponds to moving towards or away from

in object in order to adjust. the total area it will occu)y in a l)hotograph. However,

VIPER gives you one more option: placing the viewing l)lane insidc the volume

allows von t.o cut away l)ort ions of the volume: whatever is betweenl your eye and

I1, viewing Ihlt will be oit ted frot I lie fiulal image.

Ileferriug to Figure 16. we see how to determiue the ne-essary parameter

sett-ings b% using similar triangles. We already know the size of the (laI.a vohute, d.

If we Iihen1 choose a value for Ithe (listauice fromt out eve 1.o the viewing plante (a).

tie desired extelt of tihe volume in lihe final image (b). and the distance from our

eve to I he ce nt( r of the dala voluue r, we may easily find the scaling factor

required t.o pro(u(ce this image by the following equalion:

, O/ Fao !,'

()tuce you have determiuted tli' S(alin fltr. Yll Shoulld .ifter it itlh)

VI 1l'Il. If vOl do ,iot enter I ie saute vale ror all I lit-CC a.S. I lite dal a volutIII will

be "Stret(ched- from its orighital proportions..\not her lhiig to keep ill mind is that

if vol dotit want to change the voltl(".* ;i.(,. Ywl suild cuter a vali' of i.
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Data VoJliite

z v'iewiig Plane

Figure 15. VIPERs Viewiiig Ceomietry

-1-1-2.4 1;olumf T rimming. As previousmly noted, volt canl time t1.1w

viewinig plaiQ 1.0 elimiiiiate IXotioiis of I he dat a volumne. \I lIr'T offers youl anloter

met hlod for Iti litmiug off portitons of tilie voluowe. Youi will be asked if \-oil wanti t~o

I rim ~'~Jsoff of thle volimiie's faces. To dcinei I his opport iJit,%. simply enter 0.

H owever. if vonl do wanlt to I run away part of the volti iW. eiterinig 1 will caus~e

VIPER t~o prompt you for decisions regardling I he six volumlie faces, Enter 0 for

faces vonl don't watit. to triml and I for faces voii do want to trim. VIPER will ask

You hlow 111c of file voliuuie votn waiit to tim11 olf: simiiY (iti lie aiioit Yo,,

witit lefuilovedl (Rlielibmer vouui. ?calilig fil~ol. whelci .%(mu ceIis v k~,iie! ).

ob .. 2.; Ohf i)statirf. ThCii WNex vahmue% V I PER will ask foi- are

Ihe (list a nces froil Yourl ve to ft le viewilig, I)IaiC Mid from Yomr ('i.( to I lie r Oif I-of

tilie lat a voilumle. reslpect ive'I.
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T \Viewinig P'laiie

Figutre 16. ('akutlat lug Object. Posit ions and Scaling Fadtors

5 .1.3.2:.6 M~aipulatinug I&u Data Volumr. VIPER will next give you

tilhe oi po- r111 i ito r eoiil I Ilie dat a voi owe. Thle lir-t set of param~t ers will allow

Yoii to rot ate tilt, volum~ie almoiit all\ or all of it~s thbree. ax"s. These values are

iiieasii red ill (legi-eeS anid ilitrvase ili a aitti-clo('kwise wim-tlioii (am you look along

lie axes). Theiw seconid set of lparailt't('i' permit you to "Slide- the volumle along tCme

thr-ee axes. 1To imove le-ft., downi or towards \.oil. \-oil will needl to entier a negative

vahioe: likewise. posit ive vales will imiove t lie voluilie right. . tip and away from youl.

..IA. 2.7 (Changing1h /it 'i iing !'Iatif Dinpin.0ioms. Thme viewing

pda ime is ilasitred ill termus of pictilop wleiieiit s ( pixw I.,) . The defaidl lihorizonital atid

vert ical dinlieuisiojis foi-r tie viewi iig 1planie ar i10 E2 1 x 768X. respect i velY. To muahnt aiii

liese \.allies. Viii ci a 0 whem V I P F asks .\omiI iii w~ait it) chiaiige t lie screeni size'.

Tlo chlange these (liimeiisiomis. entier a 1 followedlb Ilf l h iew liorizomial ai(I vert icalI

IL ~diiiensiogls youl walit ( Nohu If'11 tA' li.\l's Oul u'mItf eeCeed thle leaill \'allues or' areV

less I han tw\%o. VlIPFA will revert Co thme dlefault screen size.).
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lightliig witlhiii, your so-ie. le ir'st valui' represents tihe alliliellt light l)re'5'ill.

This is I li ailottil of light that woilld I,, available if ,ioll of yoIr light sour,',,s

were turnitl on. A valu of (.) correspoids to a totallv larkeie(l r0,1u while

v'iilterilig 1.0 wolhl iuiilicah.' a brighit.. suilit sceie. Next. VIPEII will ask %oul how

ilai.v light soll'ces Vii w''ait to install. " ou iuutst have at least oie light bill Ito

iliore t1hatl Five lights. Ior each light soUl'rce, yoi will uIed to supply VIIlH{1I wit h

I lit -I I rv coordi Ila I es for I le light's local iou ( lt IIninl per. YOl I Iv is at I le origin

with a location of [0.0.01. A light 100 iiiits (irectly above your eye wouild have

Coordinate [s I),lO.). Vhen all of your lights have lecti activated, you will need

to tell VIPER what it is supposed to be looking for.

.4.3.2.9 Sclling thu Tnig I Ihtat s. VIIlEl will try to find surfaces

whose values Correspond t-o the target.s you set for it. You nmay specify from one to

five target values to I- souiglt.. After you tll VIVR how umauy valiie are to 1W

!'m,,t. h ,lu will lecd I o Iovide a set of values for each target you lslect. The first

paraueter is the value of the surface itself. You may then specify a "window" of

values that are "close enough" to the target value ((.g.. if you specify a target

value of 50.0 and al allowable variance if 5.0. 1 lie window of -alles will range front

I.r.0 to 55.)).

ihe next parau'ters will deteri'iine I lhe surface characteristics of color and

opacit.y. VIPER produces color by additively blending red, green, aid blue (I(CB)

to Yield tile desired color (Nolh: addilirYl!Jl means that lower color values are

darker: tus. all I{ -valiu, of 000 prothices Iack: 1)(11 is huliw.. I I I is whit'. MOc).

For each sulface. youi will lied to providh• al l( I1 I riplet Io sl eci.V I lie color of tli4.

sulface. Be cari'ful not to give I lhe saute I(;1 val ie to Illoret lhal oi target: Il ol h

will he givein the sai. Color and you wol I,, able to 111 tile Iwo apart. FiiallY.

you will provide all opacitY ICoefficienit for hlie o11Face. Tliis will d'l,'riulilie how

t-ransparent the surface will be. A value of 0.0 will be completely trauisparent. and

51



3 l~idie allY Iln4Ierlvilig siir-faces. A'\ig vaif4 Is't yet-e ( hem- two limit s will jiioviile a

part iallYv- Iraiislparent mirface.

A.3. 2. 10 Sn, fact lb lb r~diy~. There is one( fil ial smrface paranietvir

I ha( is alpplie(l un1iforllY to all surfaces. The surface rellect ivitY of dime surmfaces

rangvs [rmi ti.) foi a verny 411ill surlface to 1.0 rot. a very shliiiv surlface. 'oil will be

ableI o0 del vri itle I lie glossinesqs of ti so r-face byu eniterinig a Single valuec wit hin

I liese Iv hol )Oii(1.

.. .. i i mag- Alati.. ne final parameter you will be p~romptedl

for is the I( 1 triplet for the image mate. This is a default color that will be

applhied( to all lpart. of I lie viewing plianit thiat is niot occuipied by t he (lat-a Volume.

lThe imuage mnat-te is uisefull ill a num11ber of ways. To beginl with, tile amatte will allow

vou t-o see wherec the (l.a volume is. This ntot only hmelps yout to fine tuir youtr

U viq.%Vig geo~tlet'ry ill sibseqIitt. images. but also livips yout to orient rendered

so r-faces ill rebut ioul to Ile vollimuie. If youl donll. want. aii inmage mnatte. simply entervi

lhe lt( H I iplet. for black (0.0.0).

U ~Once You have entered this seyiomce of p~araiieter values. VIPER will entler

its auitomiotis mode an)(l proceed-r wit i generatinig thme image y.oul have specifle(l.

Wii VIPEIl a., compulleted yor iage. it. will ask you if youi want to generate

a.iiother imuage. Enteriiig 0 will cauise VIP'ER to terminate. Onl the other liand, if

yoil enter 1. VI PEA? will retaiii thle dat a voluime and scaling factorq from the

originmalI imauge aild( reet-iter I lie pa ra u et er-s-I t iiug phase. Thlmis muce aY i~e

vt1-peal ed for as uuanY uinlages as you)I ole'sit.-. f'lits. Y-oui cali save a givat do-al of' I inle

bY niot liaviiig to repe-at I lie dat a-readimig porition of I ie( programi.



ITlere are a ,u1m.1 er of WAY'S to s loten file Ittle ret1iiired to generale an

iltiage with \'IIPE I. Moot or" Ih tail somea ' so u f IradmSi" Iw'wee i he i lime

I'qutired awld IlI' detail atid giialilY* of I1 fi' liial imiage. This section will brielv

i uol hu' 511" ollr I o ' ti s t'edmilies and any possib' Iradto tf that I have lwv ' able t)

itIt i if .

ITli r lfrst techi ('li iivolves cut t ing down I lite size of I lie viewing pliale as

IIIuIt*hi as possible. Since th ti un' rt'tlpit t'd to gellerate an ilage i s directlv

ipropo't iolnal to tie tulber of pixels that c)omplrise tie image, rutting dowu oil the

miluer of pixels will cut down ott the time reluired. This is a fairly good

t-cliluifilue ill that. it. doesIut necessarily degrade the final image. Instead, it. requires

voi to carefully size your image of the volmiue and trim the viewing plalie

accordingly. Naturally, if you use a smaller image size for your volune. von will be

able t.o trim tle viewitg plane eve u more. Also. smaller inage sizes will produce a

faster run. even if you don't. trim the screen.

Aniotlher way tCo shorteu the execut iou time is to trim ,n y . u1'ecemsary

portiots of the data volue. As previouisly ineitioml, this (can be accompt lishel

'it her I)v embiedding tilie viewing I)laie within file (llat volume or explicitly

dlefiiiing slabs of tile volm i that are to be Irimedl off. This speeds up tilt

r'ile.hriuiig I)rocess )y reseti ug less data to he renlered. \out shoiuld be Very

di ,id. however. when using this tech ique. lIdi'sriminate tritmling may cause

VIIElR to omit imtiportant feat tires within the 'olime.

Usinlg very ,11l. o laquic siira -.s will Ijl.' ,, ct. a Sh,,r'i 1-1111 lira,'. I I,,wev,'r.

opauie surfaces will mask ai.v miderl.viiig N1ttFa,'cs. Ihow,'ver. I his techniquie ik

iisefti for "tquiick loks- and sit natio.s wher' vo kiio\\- Ilihre will Iwv no imilrlvi ig

surfaces.

A final te lniqlue I have uitsei to speet1),l tIlie iim1age time is to )lace tile
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iitag' rI--4leriig to he Ilit. (livel-igi'ii ks I is- fliverguiic iliirt'&ses. Ilit,' I [lilt,'

I'vllrt 1.0 pro(Itice Ali image 4lec're'ames. \tI flie samie t ilie. ilor' tlivergeit raYs

poimce evvr-iticireaqi iig gaps Whlere lio (laIR is i tul uule( ill ti-Ie filial image.

Sigin ilicaiit feat iires (siuch As vortice'ls aii(i sliock waves) coiti(1 Ihe ('oiIveA ill tlite

gaps4. Ow1e itgaili. thlis tf-chiili(Iiit' is imore stiiti'iI for -(1iti(-k look" imlages or imai~ges

of voliiWs I ltit coalital oilIy 'oar'se feattires'.

;As I prv)llIsI\- IIlelt liqA(. titlese I hwusw ill wped 1i p tIle rte 1of illiage

exetu(ll, on;owever. you limt, lie carefuil al weighi die comiisetices iiivol vedl

lwfore p)roveemliiig with11 these or atii offher shiort iis.

1 .5 Sn Mph SE.ssiofl

'I'le fohiowaing is a trauiscrilpt. fi'oiiiAl ani liAI V\{IPLII 1111-1il. Ilie I)1((faCkNl

eiit ries are VIPER lproilpts; user iinjttit~s are shiowi ini stamdardl prinit..

1 viper -v errorvol.

Do you want feedback (0 = NO, 1 = YES) -=NJ

Polhemus Error Field

U Please enter narne for imiage file =*sampleI .cle

The Volume Being Rendered Has XYZ Voxel Dimensions of 5 5 3.

and Goes From -2.00 to 2.00 Along the X Axis,

-2.00 to 2.00 Along the Y Axis,

and -1.00 to 1.00 Along the Z Axis.

Enter X, Y, & Z Scaling Factors z-- 15 I5 I1

Want to Trimt Away Part of the Volume? (No:0 Yes- 1) 1

Trim Off the LEFT Side? (No: 0 Yes: 1) =.It

Trim Off the RIGHT Side? (No: 0 Yes: 1) =:>0

Trim Off the TOP? (No: 0 Yes: 1) ±i

Trim Off the BOTTOM? (No: 0 Yes: 1) = ()
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Trim Off I lie FII(NT? (No: 0 Yes: I) 1

How Much? *5.7

Trim Off the BACK? (No: 0 Yes: 1) =0

How Far From Your Eye to CENTER OF VOLUME =* 1500.

How Far From Your Eye to the Viewing Plane >1000.

Enter Angle of Rotation About X Axis (Degrees) =0).

Enter Angle of Rotation About Y Axis (Degrees) -35.

Enter Angle of Rotation About Z Axis (Degrees) =:(.

Enter X, Y, and Z 'Iranslation Distances *0. 0. ).

Do you wai.. to change the screen size (0 = NO, 1 = YES) *I

Enter new screen dimensions (x y) =*350 350

Enter Ambient Light Level (0.0 - 1.0) *.S

How Many Light Sources Do You Want *2

Enter X, Y, Z Location for Light # 1 :35. 50. 200.

Enter X, Y, Z Location for Light # 2 =--35. '200. 80).

Enter number of target values to be found ;2

Enter target value # I =*0.

Enter allowable target value variance *.5

Enter RGB values to be associated with 0.00 * .5 0.

Enter Opacity for 0.00 (Clear:0.0 - Opaque:1.0) *.8

Enter target value # 2 =*2.

Enter allowable target value variance *0.75

Enter RGB values to be associated with 2.00 =*0. 0. I.

Enter Opacity for 2.00 (Clear:0.0 - Opaqmie:1.0) I.

Enter Surface Glossiness (Dull: 0.0 - Shiny: 1.0) *(J5

Enter RGB Values for Border Matte I. 1). 11.

Saving File as samplel.rle

One more time? ( 0 - . No, 1 * Yes ): i_
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3 ~~it~ (evelopilg \ I III . I have trtied to prtt)II(( a cot~Itielivit. re ola

effii'et progranil tChat will reivle :1 ) iii ages of vol ii iet tic data. I ha ve triedI to

iitcoi-porat V &.4 maIIli I'tI eti 'ltres as I vottlot. If \oilt% AI t itk (if atiY o(ther

(iI)apailit it4 that wolild he usefiul (or iutilemieltt all.\. of I lit-ti Yo0i-seI f) M'01 iOittlI

prtlIllts t hat I Ila\.( U tti45ed. ple'ase tiol i( I Ile' comlittr graphics acit it IIevt' at

I. he I epa rt.,teu of Eled. i'al I Ilogi t-4eru ug. Air Force hI tiit e of or ecli tioIligv

Wr-P(all ''rlo Air Force B~ase. Ohlio.
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AB3STRACT"I
Thei behaior of flidds has beeji stuie~d for years. This behavior has beeni modeled
by die Navier-Stokes ejiiat ions since t~he niid-ineteeiith cent~ury; howevor. these

I'eqjimI~ ions are so com I tex t hat Itheir tse, hy engineers was impractical tintil the alvei it
of t he nio)(hIrI coniuer. Thle same computers I hat made t hese equaltions iisefil

tk~'!OScrea I .Alnew prolrmtiitdd.a satu rat ion. The solution to I lit- Navier-St-okes etliml ions-,
which repr.'s#'nt ant aerodyi ntic flow ficldscoinprivdi nftI hiousanils if-not ,nillionksf
mimbulers, This imic daftm mkes it virugalv inupossileto ('OnceptimliZe the sit uatoui
wit liii the flow field. To allevinte this probilem, various compter graphics techniquies
have beet, uisedl to provide imuages of flow filds. Somue of these techniques rely oni
appiroximuating isometric suirfaces of interest withi polygonts; others only provide an
iin~agi- of a two-dlimensioinal -slicv** of t-he flow field.

,This thesis piem pplies a relatively new graphics techniquei kiiown as ".Voluiet ric
rendering" t~o getter ace -three-dimensional inmages of aerodynamic flow filds41. -%'Of-
tilnetric rt-ndvriiig lias showii promuising results iii several applications of Rcientfific

visualizatioti. Otte q.dvant.agesof this wchiuelhlial it doesift. rely on geometric
primit iv"s to app~roximiate m surface; 'AIlqo. no0 a pvtor-i kiiowledge of Che flow field's
formu is required to produce the finual imtage ,'

Toassess t he uitility of volumetric rendering in It field of eonuput.at-ional fluid dy-
itauncs (('FL). a prograin knowvn as V'IPER is developed. Tisi thesis outlines thle-
requirement-s and specific algorithmus for this program. imuages of flow fields are
hpreseited amu' discussd along wit i, programn enhancements. -Alt-hough V~iIER is de-
vvlopeil for ('ID luirposts. it-s design permits its use in diffrent. apjihicat.iouus, several
of which art, discussed.


